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Inves t iga t ion  of t h e  Kinetics of Crys t a l l i za t ion  of 

Molten Binary and Ternary Oxide Systems 

Summary and Quar te r ly  S ta tus  Report No. 10  - June 1, 1967 through February 29, 1968 

Contract No. NASW-1301 

SUMMARY 

This repor t  i s  based on t h e  work done i n  t h e  l a s t  nine month period of 
Contract NASW-1301, June 1, 1967 through February 29, 1968. 
commenced on September 1, 1965 and o ther  summary r epor t s  similar t o  t h i s  repor t  
were issued September 30, 1966 and June 30, 1967 numbered UARL E910373-4 and 
UARL F910373-7, respec t ive ly .  

The cont rac t  

I n  t h i s  nine month period one hundred and f i f t e e n  add i t iona l  g l a s s  making 
compositions were prepared, melted, and p a r t i a l l y  characterized making t h e  t o t a l  
of o r i g i n a l  g l a s s  formulations s tud ied  under t h i s  program two hundred and s ix ty-  
f i v e .  
f i v e  g l a s s  f i e l d s .  Cordierite-rare e a r t h  compositions similar t o  those  of our 
e a r l i e r  r epor t s  form t h e  f i r s t  g l a s s  system but i n  our recent s tud ie s  emphasis 
has been placed on lowering t h e  s i l i c a  content,  t h e  l iqu idus  temperature and t h e  
dens i ty  while increasing t h e  working range without s a c r i f i c i n g  t h e  16 t o  18 
mi l l i on  p s i  modulus previously achieved i n  t h i s  system. The second g la s s  f i e l d  
inves t iga ted  i s  t h a t  of t h e  calcium-aluminate g l a s ses  of t h e  type pioneered by 
t h e  National Bureau of Standards and improved by t h e  Bausch & Lomb Optical  
Company. These g l a s ses  a r e  known t o  have moduli and t h e  UARL cont r ibu t ion  has 
been t o  s u b s t i t u t e  t h e  very high-modulus f a c t o r  r a r e  ea r ths  where poss ib le .  
t h i r d  g l a s s  system comprises t h e  Morey-type o p t i c a l  g l a s ses  known t o  have t h e  
highest  moduli of any known g l a s s  system and here emphasis has been placed on 
decreasing t h e  density i n  order t o  achieve a use fu l  s p e c i f i c  modulus. 
"invert" g l a s ses  form t h e  four th  region of our i nves t iga t ion .  These g lasses  s ince  
they were developed f o r  e l e c t r i c a l  c h a r a c t e r i s t i c s  a r e  genera l ly  considered t o  be 
low moduli g lasses  but here w e  have been ab le  t o  make r ap id  progress i n  increasing 
t h e  modulus by adding ions with high-field s t rengths  t o  these  g l a s ses  i n  place of 
some of t h e i r  usual cons t i t uen t s .  The f i f t h  a rea  of g l a s s  composition research 
consisted of calcium a luminos i l ica te  g l a s ses  lacking polar izable  oxygen ions and 
which have, t he re fo re ,  high moduli where we  have concentrated on s u b s t i t u t i n g  
o ther  high-field s t r eng th  ions t o  note t h e  e f f e c t  achieved. 

New g lasses  prepared may be thought of as belonging t o  one or another of 

The 

Steve ls  

An examination of t h e  composition of most of t h e  common g la s ses  of commerce 
and an t iqu i ty  would show t h a t  they usua l ly  have 64 or higher weight percent s i l i c a  
while t h e  g l a s ses  of t h e  f i v e  groups above have a t  t h e  most twenty t o  f o r t y  weight 
percent s i l i c a  and may even have no s i l i c a  component i n  many cases.  These experi- 
mental g l a s ses ,  while s t i l l  forming t h e  b r i l l i a n t l y  t ransparent  ma te r i a l  w e  t h i n k  
of as g l a s s ,  have markedly d i f f e r e n t  forming c h a r a c t e r i s t i c s  with sharply in- 
creased tendencies t o  d e v i t r i f y  o r  r e v e r t  t o  c r y s t a l l i n e  masses. 
t h e  study of t h e  k i n e t i c s  of c r y s t a l l i z a t i o n  of molten oxides forms an e s s e n t i a l  

For t h i s  reason, 
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port ion of t h i s  program. These s tudies  c a r r i e d  out by d i r e c t  microscopic obser- 
va t ion  of t h e  molten g lasses  he ld  i n  a microfurnace have shown t h a t  rare-ear th  
addi t ions such as lanthana,  c e r i a  and y t t r i a  impede and slow down d e v i t r i f i c a t i o n  
confirming t h e  bas i c  reasoning of t h i s  program t h a t  t h e  bes t  c r i t e r i a  f o r  t h e  
l ike l ihood of g l a s s  formation i n  a given system i s  t o  t r e a t  it as a r a t e  phenom- 
enon as taught by R.  W. Douglas. 

An unexpected major ga in  of t h e  necess i ty  of adding rare-ear ths  t o  t h e  oxide 
systems t o  r e t a r d  d e v i t r i f i c a t i o n  has been t h a t  t hese  mater ia l s  were found t o  
make t h e  highest  contr ibut ions t o  Young's modulus per  each mol percent added. 
For example, one mol percent of lanthana contr ibutes  22.4 ki lobars  compared t o  
7.3 k i lobars  per  mol percent contr ibuted by s i l i c a  while y t t r i a  contr ibutes  as 
much as 24.3 ki lobars  per  mol percent even though c r y s t a l l i n e  y t t r ium oxide has 
a densi ty  less than twice as grea t  as c r y s t a l l i n e  s i l i c a .  Compositions based on 
these  concepts have yielded g l a s s  f i b e r s  with a value of 16.8 mil l ion  p s i  f o r  
Young's modulus when measured by mechanical t e s t i n g  o r  18 mi l l ion  p s i  i f  evaluated 
by sonic techniques.  

Since t h e  measured value of Young's modulus has been proven t o  be very near ly  
independent of forming condi t ions,  processing va r i ab le s ,  and s m a l l  inclusions i n  
p r i o r  g l a s s  f i b e r  research,  such moduli measurements a r e  used as t h e  p r inc ipa l  
method of evaluat ing new g la s s  compositions. I n  t h i s  period it w a s  found t h a t  
samples s u i t a b l e  f o r  modulus determinations could be e a s i l y  formed by drawing 
molten g l a s s  i n t o  fused s i l i c a  tubes using a hypodermic syringe t o  supply con- 
t r o l l e d  suct ion.  This s impl i f ied  technique g rea t ly  expedites comparative g l a s s  
composition research while reducing expenses. 

An equally important a t t r i b u t e  of g l a s s  f i b e r s  i s  t h e i r  s t rength .  But i n  
cont ras t  t o  Young's modulus, t h e  s t rength  of a g l a s s  f i b e r  i s  very s t rongly 
dependent on forming conditions and processing var iab les .  The very g rea t ly  
s impl i f ied  f iber-pul l ing apparatus a t  UARL has proven hopelessly inadequate f o r  
meaningful s t rength  evaluations and t h e  only apparent solut ions a r e  t h e  procure- 
ment of a standard commercial f i b e r  bushing a t  an ea r ly  date  or a l t e r n a t e l y  t h e  
evaluation of t h e  UARL experimental g l a s s  compositions at a laboratory possessing 
such equipment. 

INTRODUCTION 

This i s  t h e  t en th  quar te r ly  s t a t u s  repor t  and t h e  t h i r d  summary report  f o r  
Contract NASW-1301 named "Invest igat ion of t he  Kinet ics  of Crys t a l l i za t ion  of 
Molten Binary and Ternary Oxide Systems". The t e n t h  quar te r  s t a r t e d  December 1, 
1967 and ended February 29, 1968 and formed t h e  t h i r d  quar te r  of t h e  second nine 
month extension t o  t h e  con t r ac t ,  an extension running from dune 1, 1967 through 
February 29, 1968 and f o r  which t h e  r e s u l t s  a r e  summarized i n  t h i s  repor t .  
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The primary objec t ive  of t h i s  cont rac t  i s  t o  ga in  a b e t t e r  understanding of 
t h e  e s s e n t i a l s  of g l a s s  formation by measuring t h e  ra te  at which c r y s t a l l i z a t i o n  
occurs and t h e  e f f e c t  of ant i -nucleat ing agents on t h e  observed c r y s t a l l i z a t i o n  
rate f o r  systems which tend  t o  form complex three-dimensional s t r u c t u r e s .  The 
molten oxide systems se l ec t ed  f o r  s tudy,  t h e  reasons f o r  t h e i r  s e l ec t ion ,  and 
t h e  methods used t o  prepare them form t h e  f irst  major s ec t ion  of t h i s  repor t .  

Determination of t h e  c r y s t a l l i z a t i o n  rate may be  ca r r i ed  out by continuously 
monitoring t h e  v i scos i ty  and e l e c t r i c a l  conduct ivi ty  of t h e  molten system as a 
funct ion of t i m e  and temperature with checks of sur face  tens ion  at se lec ted  
temperatures.  I n  t h i s  nine month per iod,  however, c r y s t a l l i z a t i o n  rates were 
pr imar i ly  determined by d i r e c t  microscopic examination of samples i n  a micro- 
furnace as descr ibed i n  our l a tes t  summary r e p o r t ,  UARL Fp10373-7. This work 
has l a rge ly  confirmed t h e  viewpoint t h a t  t h e  p robab i l i t y  of whether or not a 
g l a s s  w i l l  form i s  t o  be regarded as a ra te  phenomenon with t h e  p robab i l i t y  of 
g l a s s  formation g r e a t l y  increased by employing cooling rates high enough t o  defeat  
t h e  formation of  t h e  complex many-atom t h r e e  dimensional molecule. 
g l a s s  formation j u s t i f i e s  t h e  considerat ion of oxide systems previously thought 
impract ical  and allows t h e  search f o r  systems which may y i e l d  high s t r eng th ,  
high modulus g l a s s  f i b e r s  t o  be ca r r i ed  out on an unusually broad bas i s .  The 
r e s u l t s  of t h e  microscopic observations form t h e  second major s ec t ion  of t h i s  
r epor t .  

This view of 

Character izat ion of t h e  experimental g lasses  produced as bulk specimens i s  
t h e  subjec t  of  t h e  t h i r d  l a rge  sec t ion  of t h e  r epor t .  Such charac te r iza t ion  i s  
l a r g e l y  achieved by measuring t h e  dens i ty ,  studying t h e  f i b e r i z a t i o n  q u a l i t i e s ,  
and determining Young's modulus f o r  bulk samples of t h e  experimental g lasses .  
P r i o r  t o  t h i s  r epor t  per iod specimens f o r  measuring Young's modulus of bulk g l a s s  
were made by first cas t ing  a g l a s s  s l a b  and annealing it and then cu t t i ng  rec- 
tangular  bars  from t h e  s l a b  by prec is ion  gr inding equipment. This r e l a t i v e l y  
e labora te ,  expensive, and t i m e  consuming procedure can now be supplanted by a new 
method of preparing modulus samples developed i n  t h i s  repor t  period. I n  t h i s  
new method it w a s  found t h a t  samples s u i t a b l e  f o r  modulus determinations could be  
r ead i ly  formed by drawing molten g l a s s  i n t o  fused s i l i c a  tubes using a hypodermic 
syr inge t o  supply cont ro l led  suc t ion  t o  t h e  molten g l a s s .  
method and i t s  use t o  evaluate  $he e f f e c t  of annealing t h e  g l a s s  i s  a l s o  included 
i n  t h e  t h i r d  repor t  sec t ion .  

Description of t h i s  

C .  J .  P h i l l i p s  (Ref. 1) has described a method f o r  ca lcu la t ing  Young's modulus 
from t h e  composition of both simple and complex s i l i c a t e  g lasses  when t h e  content 
of each oxide i s  expressed i n  mol percent .  Each oxide i s  given a coe f f i c i en t  
which may be t y p i c a l l y  7.3, 12 .1  and 12.6 k i lobars  per  mol percent f o r  Si02, 
Al2O3, and C a O  respec t ive ly .  
sum of  terms formed by mult iplying t h e  mol percentage of t h e  cons t i tuent  by i t s  
mol f ac to r  and agreement t o  wi th in  + 0.3% between observed and measured moduli 
are obtained f o r  t h i r t y - f i v e  wel l  dei'ined g lasses .  Unfortunately,  coe f f i c i en t s  
were not ava i l ab le  f o r  many of t h e  components of t h e  UARL experimental g l a s ses .  
However, using t h e  measured moduli f o r  bulk specimens of t hese  experimental 
g l a s ses ,  t h e  P h i l l i p s  method has been extended t o  include oxides such as c e r i a ,  
lanthana, and y t t r i a  and cor rec t ions  have a l s o  been made t o  t h e  P h i l l i p s  f a c t o r s  
f o r  b e r y l l i a  and z i rconia  while t h e  f ac to r  f o r  magnesia has been rev ised  t o  include 

The numerical value of t h e  e l a s t i c  constant i s  t h e  
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t h e  zero a l k a l i  content g lasses  of t h e  present  inves t iga t ion .  There i s  no reason 
a p r i o r i  t o  assume t h a t  t hese  ca lcu la t ions  based on s i l i c a t e  g l a s s  systems can be 
r ead i ly  extended t o  non-sil ica g lasses  such as t h e  calcium aluminates. I n  f a c t ,  
as i s  shown i n  t h e  t h i r d  sec t ion ,  t h e  UARL attempts t o  extend such ca lcu la t ions  
t o  the  calcium aluminates r e s u l t  i n  expecting a value f o r  Young's modulus f o r  
t hese  g lasses  which i s  considerably too  high but s ince  t h e  differences between 
measured and experimental moduli i s  constant ,  it seems probable t h a t  with s u f f i -  
c i en t  experimentation t o  provide complete new moduli f ac to r s  f o r  t h e  cons t i tuents  
t he  ca lcu la t ion  could be r ead i ly  extended t o  t h i s  g l a s s  system as well .  

The four th  l a r g e  d iv is ion  of t h e  repor t  i s  concerned with t h e  charac te r iza t ion  
of mechanically drawn g lass  f i b e r s .  Here it i s  shown t h a t  charac te r iza t ion  of 
these  Pibers through measurement of t h e i r  e l a s t i c  modulus e s s e n t i a l l y  presents  no 
ser ious  problem s ince  such measurements a r e  not d r a s t i c a l l y  a f fec ted  by forming 
condi t ions,  process va r i ab le s ,  inclusions except t h a t  these  f ac to r s  exaggerate 
t h e  s t a t i s t i c a l  e r r o r  inherent i n  such measurements. The measurement of t h e  
s t rength  of t h e  v i r g i n  f i b e r  i s  shown t o  be j u s t  t h e  converse s ince  a l l  processing 
a l t e r a t i o n s ,  changes i n  forming procedures, and inclusions g rea t ly  a l t e r  t h e  
measured value of t h e  s t rength .  

SELECTION AND PREPARATION OF GLASS SYSTFQW 
FOR PRELIMINARY EVALUATION 

One hundred and f i f t e e n  addi t iona l  g lass  compositions w e r e  prepared, melted 
and p a r t i a l l y  character ized making t h e  t o t a l  of o r i g i n a l  g lass  formulations 
s tudied under t h i s  program two hundred and s ixty-f ive.  The new glasses  prepared 
may be thought of f o r  t h e  most pa r t  as belonging t o  one of f i v e  g lass  f i e l d s .  

The f i r s t  of t hese  g l a s s  f i e l d s  i s  t h a t  of t h e  co rd ie r i t e  g l a s s  system t o  
which rare ea r ths  have been added as major cons t i tuents .  
Mg9A14Si 018 i s  a t h r e e  dimensional r i ng  former as discussed i n  e a r l i e r  UARL 
re6or t s  7UARL E910373-4) and these  g lasses  include major quan t i t i e s  of one of 
t h e  r a t e  ea r ths  such as lanthana,  c e r i a ,  or y t t r i a ,  which as shown i n  t h e  following 
sec t ion ,  ac t ive ly  delay the  onset of d e v i t r i f i c a t i o n  i n  these  c o r d i e r i t e  g lasses  
while a t  t h e  same time increasing t h e i r  e l a s t i c  modulus as shown i n  t h e  t h i r d  
sec t ion  of t h i s  repor t .  These g lasses  occur throughout Table I while forming 
t h e  whole of sub-tables l a ,  Ib  and Ik.  It w i l l  be noted t h a t  other  ingredients  
a r e  added t o  lower t h e  l iqu idus ,  t h e  densi ty  and t h e  s i l i c a  content while 
increasing t h e  working range and hopefully not lowering t h e  e l a s t i c  modulus of 
s ix teen  t o  eighteen mi l l ion  p s i  common t o  t h i s  system. 

Cordier i te  or 

The second f i e l d  of g l a s s  compositions melted may be ca l l ed  t h e  calcium- 
aluminate s e r i e s  as developed by t h e  National Bureau of Standards and t h e  Research 
Laboratory of t h e  Bausch & Lomb Optical  Corporation. UARL has examined very few 
of t hese  g lasses  a t  t h i s  t i m e  because of t he  extensive research by others  i n  t h i s  
a rea .  A s  shown i n  Table I ,  g lasses  217, 218, 219, 220, 221 have been prepared 
from compositions known t o  e x i s t  i n  t h i s  a r ea  so  as t o  give UARL d i r e c t  compara- 
t i v e  information on t h i s  type of g lass .  These g lasses  a r e  unique i n  t h a t  they 
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New Experimental Glass Batches 
Actual Ingredients  i n  Grams 

- 155 Actual Ingredient - 151 - 152 - 153 

S i l i c a  
Alumina 
Magne s i a 
Rare Earth Oxalate 381 
Y t t r i u m  Oxalate 
Lanthanum Oxalate 
Cerium Oxalate 
Samarium Oxalate 
Tantalum Oxide 
Chromium Oxide 
Vanadium Oxide 

216.5 
45.2 
107.3 

193.5 
40.6 
95.9 

194.6 
40.6 
96.3 

189.0 
39.9 
93.6 

179.0 
43.4 
88.85 

--- 
368.0 --- 

364.0 

- 156 160 - 
S i l i c a  
Alumina 
Magnesia 
Rare Earth Oxalate 381 
Y t t r i u m  Oxalate 
Lanthanum Oxalate 
Cerium Oxalate 
Samarium Oxalate 
Tantalum Oxide 
Chromium Oxide 
Vanadium Oxide 

248.5 
103.3 
123.2 

239.0 

118.4 
57.75 

195.0 
27.45 
96.75 --- 
198.5 
232.0 

244.0 
47.75 
80.0 

219.0 
42.75 
71.85 

343.0 
358.5 

25.45 
85.0 

161 
7 

162 - - 163 164 
I_ 

- 165 

187.0 
43.2 
31.8 
--- 
396.0 

S i l i c a  
Alumina 
Magnesia 
Rare Earth Oxalate 381 
Y t t r i u m  Oxalate 
Lanthanum Oxalate 
Cerium Oxalate 
Samarium Oxalate 
Tantalum Oxide 
Chromium Oxide 
Vanadium Oxide 
Calcium Carbonat e 
Lithium Carbonate 
Ti02 (not  r u t i l e )  

219.0 

368.0 

42.75 
71.85 

193.5 
40.6 

193.5 
81.2 
95.9 
185.0 

193.5 

95.9 
368.0 

95.9 
600.0 

--- 
78.7 
27.5 
29.6 

5 
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New Experimental Glass Batches 
Actual Ingredients  i n  Grams 

166 - 168 - Actual Ingredients  

208.0 1579 5 176.1 
157.0 82.3 92.6 

49.5 32 35 36.15 --- --- c-- 

--- --- 343.0 

S i l i c a  
Alumina 
Magnes i a 
Calcium Carbonate 
Y t t r i u m  Oxalate 
Lithium Carbonate 
Ti02 (no t  r u t i l e )  
Cerium Oxalate 
Vanadium Pentoxide 
Samarium Oxalate 
Lanthanum Oxalate 

129 7 
100.5 

38.35 --- 
468.0 

131.0 

31.3 
21.6 

--c 

56.6 --- 
3-- 

S i l i c a  
Alumina 
Magnesia 
Calcium Carbonate 
Y t t r i u m  Oxalate 
Lithium Carbonate 
Ti02 (not  r u t i l e )  
Cerium Oxalate 
Vanadium Pentoxide 
Samarium Oxalate 
Lanthanum Oxalate 

158.5 
26.05 
37-25 
-c- 

618.0 

99.25 
64 75 
25.25 --- 

96.8 
63.2 
24.7 
--- 

223.5 
31.3 
49.6 

--- 
46.4 

180 

56.45 
22.35 

- 
103.4 

166.2 
334.2 --- 
--- 
38.9 
80.6 

S i l i c a  
Alumina 
Magnesia 
Calcium Carbonate 
Y t t r i u m  Oxalate 
Lithium Carbonate 
T i 0 2  (not  r u t i l e )  
Cerium Oxalate 
Vanadium Pentoxide 
Samarium Oxalate 
Lanthanum Oxalate 

215.5 

34.0 
23.6 

109.5 

54.1 
47.3 

158 9 
57.0 
62.9 

104.0 
45.0 
47.8 

31.1 
105.5 

259.5 
314.0 
c-- 

--- 
62.2 
44.6 

498.0 
--- 

6 



TABLE I C  

New Experimental Glass Batches 
Actual Ingredien ts  i n  Grams 

182 - 
148.0 

47.2 

372.0 

--- 
86.2 

43.5 

56.0 

--- 
c-- 

8.45 
24.6 
22.7 
--- 

- 183 

145.8 
30.9 
40.3 
54.6 

42.8 
367.0 

--- 
--- 
55.2 

24.3 
22.3 

8.39 

--- 

184 - 
128.0 --- 

42.1 
77.2 

38.8 
--- 
--- 

389.0 
50.0 

21.9 
7.55 

20.3 
--- 

I 185 

130.0 
27.6 
36.0 
48.8 

38.7 

382.0 

21.6 
20.0 

--- 
-- - 
49.2 
7.37 

--- 

186 - 
128.7 

41.3 
81.1 

37.9 
401.0 

48.9 

21.5 

--c 

--- 

-c- 

--- 
19.8  
--- 

- 187 

125 -9 
26.7 
34.8 
65.4 

37.1 
391.0 

47.6 

21.0 
19 * 25 

--c 

3c- 

--- 

c-- 

Actual Ingredient 

S i l i c a  
Alumina 
Magnesia 
Calcium Carbonate 
Y t t r i u m  Oxalate 
Cerium Oxalate 
Samarium Oxalate 
Lanthanum Oxalate 
Vanadium Pentoxide 
Zirconium Carbonate 
T i t  a n i  a 
Lithium Carbonate 
Rare Earth Oxalate 

188 _*_ 191 19 3 - 
S i l i c a  
Alumina 
Magnesia 
Calcium Carbonate 
Y t t r i u m  Oxalate 
Cerium Oxalate 
Samarium Oxalate 
Lanthanum Oxalate 
Vanadium Pentoxide 
Zirconium Carbonate 
T i t a n i a  
Lithium Carbonate 
Rare Earth Oxalate 

193.5 
40.4 
79.7 

313.0 
--3 

--- 

174.3 
36.5 
72.1 

174.4 

72.2 
36.6 

c-- 

174.3 
36.5 
72.2 

170.7 
35.9 
70.7 

173.0 
36.8 
67.0 
c-- 

175.8 
--- 

332.0 
--- 

330.0 
64.0 

204.7 
63.5 

331.0 

7 



TABLE I d  

New Experimental Glass Batches 
Actual Ingredien ts  i n  G r a m s  

198 - 199 - 19 5 - 196 - 197 7 
Actual Ingredient - 194 

Lanthanum Oxalate 
Thoria 
B a r i u m  Carbonate 
Fused B2O3 
Tantalum Pentoxide 
Vanadium Pentoxide 
Y t t r i u m  Oxalate 
Zirconium Carbonate 

222.5 
40.0 
57.5 
110.0 
65.0 

268.5 --- --- 
54.4 59.8 67.0 
75.5 82.0 92.8 
143.8 156.3 177.0 
76.2 82.7 --- 

--- --- 28.65 

43.9 47.7 54.0 
-3- 248.5 282.0 

--- 
60.0 
77.2 
150.0 
90.0 --- 
374.0 

--- 
414.0 
28.8 

8 
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Actual Ingredient 

S i l i c a  
Alumina 
Magnesia 
Y t t r i u m  Oxalate 
Lanthanum Oxalate 
Cerium Oxalate 
Calcium Carbonate 
B a r i u m  Carbonate 

S i l i c a  
Alumina 
Magnes i a 
Y t t r i u m  Oxalate 
Lanthanum Oxalate 
C e r i u m  Oxalate 
Calcium Carbonate 
B a r i u m  Carbonat e 

TABLE Ie 

New Experimental Glass Batches 
Actual 

200 - 
165.5 
78.2 
66.1 
208.0 
243.0 --- 
--- 
--- 

20 6 - 
185.0 
83.9 --- 
372 a 0 --- 
--- 
164.2 
--- 

Ingredients  i n  Grams 

20 2 

154.7 
73.0 
61.7 

226.0 
227.5 

- 

--- 

--- 
--- 

208 

87.8 

- 
193.0 

74.1 
382.0 
--- 
--- 
--3 

--- 

210 

154.8 
73.2 

- 

61.8 

378.0 
75.9 

--- 

--- 
--- 

9 
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TABLE If 

New Experimental Glass Batches 
Actual Ingredients i n  Grams 

Actual Ingredient 

S i l i c a  
Alumina 
Magne s i a 
Y t t r i u m  Oxalate 
Lanthanum Oxalate 
Cerium Oxalate 
Calcium Carbonate 
B a r i u m  Carbonate 

211 - 
38l.O . 

154.0 

212 - 
321.0 

257.0 

10 
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TABLE I g  

New Experimental Glass Batches 
Actual Ingredien ts  i n  G r a m s  

Actual Ingredient 

S i l i c a  
Alumina 
Magnesia 
Calcium Carbonate 
Bar ium Carbonate 
Lanthanum Oxalate 
Cerium Oxalate 
Y t t r i u m  Oxalate 
T i t a n i a  (not  r u t i l e )  
Zirconium Carbonate 

213 - 
197.0 

13.6 

627.0 

21 4 - 

11 
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TABLE I h  

Actual Ingredient 

S i l i c a  
Alumina 
Magnesia 
Calcium Carbonate 
B a r i u m  Carbonate 
Lanthanum Oxalate 
Cerium Oxalate 
Y t t r i u m  Oxalate 
T i t an ia  (not  r u t i l e )  
Zirconium Carbonate 

New Experimental Glass Batches 
Actual Ingredients  i n  Grws 9 

218 - 
63.3 
156.3 

31.8 

--- 
458.0 

12 



Actual Ingredient 

Sodium Carbonate 
Pot as s i m Carbonate 
Calcium Carbonate 
Alumina 
Magnesia 
B a r i u m  Carbonate 
Lanthanum Oxalate 
F e r r i c  Oxide 
S i l i c a  
Tantalum Oxide 
Fused Boric Oxide 
Thoria 
Zirconium Carbonate 
T i t an ia  (not r u t i l e )  
Lithium N i t r a t e  
Y t t r i u m  Oxalate 

TABLE Ii 

New Experimental Glass Batches 
Actual Ingredien ts  i n  Grams 

13 
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TABLE Ij 

New Experimental Glass Batches 
Actual Ingredients  i n  G r a m s  

222 - - 22 3 224 - 226 - Actual Ingredient 

Sodium Carbonate 
Potassium Carbonate 
Calcium Carbonate 
Alumina 
Magnesia 
B a r i u m  Carbonate 
Lanthanum Oxalate 
Fe r r i c  Oxide 
S i l i c a  
T a n t a l u m  Oxide 
Fused Boric Oxide 
Thoria 
Zirconium Carbonate 
T i t a n i a  (not  r u t i l e )  
Lithium Ni t r a t e  
Y t t r i u m  Oxalate 

--- 
302.0 

--- 
111.0 
167.0 
111 0 

--- 
70.0 
100.0 
140.0 

--- 
77.8 
111.1 
148.1 

33.8 
60.0 

55.6 
288.0 

--- 
221.0 

228 - - 227 230 - 
Sodium Carbonate 
Pot as s i u m  Carbonate 
Calcium Carbonate 
Llumina 
Magnes i a 
B a r i u m  Carbonate 
Lanthanum Oxalate 
Fe r r i c  Oxide 
S i l i c a  
Tantalum Oxide 
Fused Boric Oxide 
Thoria 
Zircon i u m  Carbonate 
T i t an ia  (not  r u t i l e )  
Lithium Nitrate 
Y t t r i u m  Oxalate 

361.0 
--- 

111.0 
167.0 

111.0 
--- 

--- 

76.8 

423.3 

14 
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TABLE I k  

Actual Ingredient 

S i l i c a  
Alumina 
Magnesia 
Y t t r i u m  Oxalate 
Cerium Oxalate 
Vanadia 
Lanthanum Oxalate 
Cob a l t  ous Carbonat e 
Calcium Carbonate 
Lithium Carbonate 
Zirconium Carbonate 

S i l i c a  
Alumina 
Magne s i a 
Y t t r i u m  Oxalate 
Cerium Oxalate 
Vanadi a 
Lanthanum Oxalate 
Cobaltous Carbonate 
Calcium Carbonate 
Lithium Carbonate 
Zirconium Carbonat e 

S i l i c a  
Alumina 
Magne s i a 
Y t t r i u m  Oxalate 
Cerium Oxalate 
Vanadia 
Lanthanum Oxalate 
Cob a l t  ous Carbon a t  e 
Calcium Carbonate 
Lithium Carbonate 
Zirconium Carbonate 

New Experimental Glass Batches 
Actual Ingredien ts  i n  G r a m s  

23$ 

201.0 
68.1 
80.9 

403.0 
--- 
--- 

114.7 
126.7 
110.2 

314.0 
--3 

--- 
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Actual Ingredie 

S i l i c a  
Alumina 

ts 

Lithium Carbonate 
Calcium Carbonate 
Zinc Carbonate 
Magne s i a 
Y t t r i u m  Oxalate 
Lanthanum Oxalate 
Calcium Fluoride 

S i l i c a  
Alumina 
Lithium Carbonate 
Calcium Carbonate 
Zinc Carbonate 
Magnesia 
Y t t r i u m  Oxalate 
Lanthanum Oxalate 
Calcium Fluoride 

TABLE 11 

New Experimental Glass Batches 
Actual Ingredien ts  i n  Grams 

- 247 

197.0 
100.2 

72.6 
98.7 

122.5 
39.7 --- 
--- 
--- 

I_ 253 

97.6 
132.5 

95.9 
130.5 
163.2 

52.4 --- 
--- 
--- 

248 

172.0 
108.4 
78.3 

133.5 
42.9 

- 

106.5 

--- 
--- 
--- 

- 254 

1.58.1 

53.5 
79.2 
98.7 
31.9 

476.0 

--- 

--- 
--- 

- 249 

147.3 
116.5 

8b.2 
114.0 
143.0 

46.0 
--- 
--- 
--- 

- 255 

136.6 
--- 
50.4 
68.2 
85.3 
27.5 

479 9 0 
--- 
--- 

250 

195.5 
99.35 
48.0 
97.5 

122.0 
52.35 --- 
--- 
--c 

- 256 

147.7 
74.9 
54.6 

92.2 
--- 

29.7 
446.0 
--- 
--- 

- 251 

193.6 
98.6 

96.5 
23.6 

121 0 
64.8 
-..- 
--- 
--- 

- 257 

128.5 
65.4 
47.4 

80.3 
--- 

25.9 
442.0 
--- 
-3- 

- 252 

192.0 
97.5 
35.6 

144.0 
121,3 

38.7 --- 
--- 
--- 

16 



TABLE Im 

New Experimental Glass Batches 
Actual Ingredients i n  Grams 

Actual Ingredient 

S i l i c a  
Alumina 
Lithium Carbonate 
Calcium Carbonate 
Zinc Carbonate 
Magne s i a 
Y t t r i u m  Oxalate 
Lanthanum Oxalate 
Calcium Fluoride 

c_ 259 

262,o 254.5 
112.0 log. 0 

Expected t o  melt 

1080Oc 1 1 7 O o C  
i n  range 

17 



TABLE I n  

New Experiment a1 Glass B a t  ches 
Actual Ingredients  i n  Grams 

Actual Ingredient 

S i l i c a  
Alumina 
Lithium Carbonate 
Calcium Carbonate 
Zinc Carbonate 
Magnesia 
Y t t r i u m  Oxalate 
Lanthanum Oxalate 
Calcium Fluoride 

310.0 
75.0 --- 

206.0 

310.0 
92.5 

--- 

Expected Melting 
Temp e r a t  u r  e 

1 1 7 O o C  1222OC 

18 



contain l i t t l e  or no s i l i c a  and t h e i r  exis tence i s  usual ly  explained by s t a t i n g  
t h a t  i n  t h e  Ca0-A1203 i n  a s m a l l  composition range around t h e  composition: 
12Ca0.7A1203 t h e  l iqu idus  temperature drops t o  approximately 1 4 O O 0 C ,  a temperature 
s o  low t h a t - i t  i s  s t a t e d  t h a t  t h e  energe t ics  do not permit nucleation so  t h a t  a 
g l a s s  resul ts .  This g rea t  lowering of  t h e  melting poin t  i s  i n  s t a r k  cont ras t  t o  
t h e  f igu re  of 2O72OC a t  which A1203 m e l t s  or 2614OC at  which c a l c i a  melts and both 
of t hese  l a t t e r  f i gu res  are s t a t e d  t o  be  s u f f i c i e n t l y  high t o  permit nucleat ion 
so t h a t  ne i the r  member compound i n  a pure s t a t e  i s  capable of g l a s s  formation. 
The calcium-aluminate g lasses  a r e  known t o  have high moduli but a l s o  have very 
poor working c h a r a c t e r i s t i c s  and a r e  d i f f i c u l t l y  f ibe r i zab le .  UARL e f f o r t s  i n  
t h i s  a rea  w i l l  include t h e  addi t ion  of  high modulus f ac to r  oxides t o  such m e l t s  
toge ther  with materials t o  improve working proper t ies .  

The t h i r d  area of g l a s s  compositions under inves t iga t ion  a t  t h i s  time a r e  
those  of t h e  Morey Eastman-Kodak o p t i c a l  g lasses .  These g lasses  c i t e d  i n  t h e  
pa ten ts  of G .  W. Morey, L. W. Eberl in ,  and P. F. DePaolis a r e  known t o  have by 
f a r  t h e  highest  Young's modulus although accompanied by high dens i t i e s  as w e l l .  
They have not previously been evaluated i n  connection with g l a s s  f i b e r  research.  
From t h e  point  of view of cons t i t u t ion ,  t hese  g l a s ses  a r e  s t a t e d  by Weyl t o  be 
of fundamental importance because they are not based on a major cons t i tuent  t h a t  
can form a g la s s  by i t s e l f .  The UARL experience i n  t h i s  a rea  i s  again l imi t ed  
a t  t h i s  time t o  learning t o  melt a few t y p i c a l  compositions such as those g lasses  
shown i n  sub-tables Id  and I j  as well  as t o  inves t iga t e  t h e  problems i n  
f ibe r i z ing  such g lasses .  I f  we can handle these  g l a s ses  successfu l ly ,  obvious 
d i r ec t ions  e x i s t  f o r  markedly decreasing t h e  densi ty  without adversely a f f ec t ing  
t h e  modulus s o  t h a t  high s p e c i f i c  moduli may be achievable i n  t h i s  system. A s  
of t h i s  t i m e ,  however, t h e  forming c h a r a c t e r i s t i c s  of these  g lasses  a r e  a for-  
midable obs tac le ,  

The four th  a rea  of g l a s s  research i s  t h a t  of " invert"  g lasses  using a concept 
developed by J .  M.  Stevels  and h i s  assoc ia tes  who found i n  1954 t h a t  by proper 
combination of oxides,  s t a b l e  me tas i l i ca t e  g lasses  could be obtained. A t y p i c a l  
example c i t e d  by Stevels  i s  50 mol % Si02 and 12.5 mol % of each of t h e  following: 
Na20, K20, C a O ,  BaO. D r .  S tevels  explains t h i s  "anomalous" case of g l a s s  forma- 
t i o n  by saying "choosing a batch with a g rea t  number of network modifiers t h e  
'g lue '  between t h e  chains i s  t o  i r r e g u l a r  t h a t  c r y s t a l l i z a t i o n  i s  prevented" 
obviously by using a combination of a l k a l i  oxides and a combination of a lka l ine  
ea r th  oxides,  t h e  l iqu idus  temperature can be lowered and t h e  f i e l d  of g l a s s  
formation can be increased. 

Weyl s t a t e s  fu r the r  t h a t  Trap & Stevels  charac te r ize  the  coherence of a 
s i l i c a t e  g l a s s  by a s t r u c t u r a l  parameter Y ,  which denotes the  average number of 
bridging ions per Si04 te t rahedron and i s  ca lcu la ted  from t h e  expression 

so  t h a t  when p = 33-1/3, Y = 0 and t h e  Si04 groups are i so l a t ed ;  when p = 40%, 
Y = 1 and on t h e  average Si04 groups appear i n  p a i r s .  
g lasses  have Y values between 3.0 and 3.5 i n  agreement with t h e  Zachareisen r u l e s  

Commercial s i l i c a t e  
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f o r  s t a b l e  g l a s s  formation t h a t  a s t a b l e  s i l i c a t e  g l a s s  should cons is t  of Si04 
t e t r adedra  shar ing at l e a s t  t h r e e  of t h e i r  corners with o ther  Si04 te t radedra .  
On t h e  other  hand t h e  " invert"  g lasses  developed by Trap & Steve ls  have Y values 
lower than 2.0 i n  d i r e c t  cont rad ic t ion  of t h e  accepted r u l e s  f o r  s t a b l e  g l a s s  
formation. 

When t h e  g l a s s  composition i s  changed t o  lower and lower Si02 concentrat ions,  
Trap & Stevels  found t h a t  some proper t ies  go through maxima or minima such as the  
thermal expansion, t h e  e l e c t r i c a l  deformation l o s s ,  and t h e  v i scos i ty  which go 
through extreme values when t h e  parameter Y passes t h e  value of 2.0. 
f ee l ing  t h a t  t h e  modulus of e l a s t i c i t y  w i l l  l ikewise reach a decided m a x i m u m .  
UARL, however, has worked extensively with t h e  "invert" g lasses  i n  t h e  f irst  
e ight  quar te rs  of t h i s  cont rac t  without achieving any marked change i n  modulus 
u n t i l  t h e  l a s t  two quar te rs  when a s i x t y  percent increase w a s  achieved. Typical 
" invert"  g lasses  s tudied a r e  shown i n  sub-table 11. 

It i s  t h e  UARL 

The f i n a l  c l a s s  of g lasses  under inves t iga t ion  cur ren t ly  a r e  e a l c i a  alumino- 
s i l i c a t e  g lasses  lacking polar izable  oxygen ions.  Such g lasses  a r e  known t o  have 
high e l a s t i c  moduli and high sof tening poin ts  and by incorporating add i t iona l  high 
modulus-factor oxides such as lanthana and y t t r i a  i n  these  g l a s ses ,  s ign i f i can t  
improvements i n  modulus should be possible .  
examples. Typical ly ,  once a composition has been se lec ted ,  500 gram batches of 
r a w  mater ia l s  are melted i n  high pu r i ty  (99.9%) alumina c ruc ib les  i n  a i r  using 
k i l n s  with Super-Kanthal hair-pin e l e c t r i c a l  r e s i s t ance  elements. S t a r t i ng  
mater ia l s  used are 5 micron p a r t i c l e  s i z e ,  high pu r i ty  s i l i c a ,  high pu r i ty  
alumina of 325 mesh, laboratory reagent grade magnesium oxide,  99.9% lanthanum 
oxala te ,  and other  comparable mater ia l s  such as reagent grade calcium carbonate 
or zinc carbonate. These mater ia l s  customarily y i e l d  a water-white o p t i c a l  grade 
g l a s s  f r e e  of seed,  s tone,  and bubbles when properly compounded and held at 
temperatures of 1450-1650"~ f o r  at l e a s t  two hours. Less commonly g lasses  may be 
prepared i n  b e r y l l i a  c ruc ib les  again i n  a i r  and i n  t h e  k i l n  or i n  platinum cruc ib les  
i n  a i r  or i n  tungsten c ruc ib les  i n  pu r i f i ed  argon or vacuum atmospheres. Alumina 
c ruc ib les  of even very s l i g h t l y  lower p u r i t y ,  i . e .  99.3 t o  99.7% cannot be used 
successful ly  i n  melting these  high temperature g lasses .  

Glasses 206 and 260 a r e  t y p i c a l  

USE OF THE MICROFURNACE FOR DIRECT OPTICAL OBSERVATION 
OF TKF: KINETICS OF CRYSTALLIZATION 

The d i r e c t  microscopic observation of t h e  k ine t i c s  of c r y s t a l l i z a t i o n  of 
c r y s t a l s  or ig ina t ing  i n  high temperature molten oxide systems a r e  ca r r i ed  out on 
a microfurnace described i n  our last  summary r epor t ,  F910373-7. I n  t h i s  period 
t h i s  equipment w a s  used f o r  r a t e  determinations for c o r d i e r i t e  g l a s s  batches 
containing t h e  rare-ear th  addi t ive  lanthanum and soda-lime aluminosi l icate  
g lasses .  The results obtained are as follows. 

20 



The r a t e  of growth of c o r d i e r i t e  was measured i n  g l a s s  batch NO. 62. 
composition of t h i s  g l a s s ,  as determined by chemical ana lys i s ,  i s  53.41 w t  % Si02, 
25.06 w t  % A1203, 15.36 w t  % MgO, and 5.63 w t  % Ce203. The oxidation s t a t e  of t h e  
cerium ion i n  t h i s  g l a s s  w a s  not determined, but i s  repor ted  here as Ce2O3. 
c r y s t a l  growth-rate da ta  obtained for t h i s  g l a s s  are l i s t e d  i n  Table I1 and a r e  
p l o t t e d  i n  Fig. 1. It can be seen from Fig. 1 t h a t  t h e  m a x i m u m  rate of growth of 
c o r d i e r i t e  i n  t h i s  g l a s s  i s  about 115 microns per  minute; t h a t  appreciable r a t e s  
of c r y s t a l  growth begin a t  about 1000°C, and t h a t  t h e  l iqu idus  temperature i s  
1370 2 5 O C .  
four th  t h a t  measured fo r  batch 1 (485 microns per  minute), bu t  i s  approximately 
twice t h a t  of batch 63 (66 microns per minute) which contains 5.6 w t  % La2O3. 
This g l a s s  becomes less t ransparent  a t  higher temperatures, which may be due 
t o  a change i n  t h e  oxidation s t a t e  of t h e  cerium ion. Upon cooling t o  lower 
temperatures, t h e  g l a s s  becomes more t ransparent  again,  This change i n  transparency 
is  not s o  g r e a t  as t o  impede t h e  c r y s t a l  growth measurements. The c o r d i e r i t e  
which w a s  grown i n  t h i s  g l a s s  w a s  nucleated with seed c r y s t a l s  of c o r d i e r i t e ,  
j u s t  as i n  our preceding work. The d e v i t r i f i c a t i o n  product i n  t h i s  g l a s s  w a s  
determined t o  be c o r d i e r i t e  by means of powder X-ray d i f f r a c t i o n .  

The 

The 

The m a x i m u m  growth r a t e  of 115 microns per minute i s  about one- 

Another feature of i n t e r e s t  which can be observed i n  Fig.  1 i s  t h a t  t h e  high 
temperature end of t h e  curve approaches t h e  l iqu idus  temperature asymptotically 
j u s t  as i n  our o ther  growth-rate curves f o r  c o r d i e r i t e .  This means, of course, 
t h a t  t h e  r a t e  of growth i s  not continuous with t h e  r a t e  of so lu t ion  as t h e  curve 
passes through t h e  l iqu idus  temperature, bu t  t h a t  ins tead  t h e r e  i s  a more or l e s s  
pronounced change i n  slope.  
were obtained on soda-lime-aluminosilicate g lasses .  H i s  measurements were made by 
two d i f f e r e n t  methods, but e s s e n t i a l l y  cons is ted  of heating t h e  g l a s s  f o r  c e r t a i n  
periods of t ime, then  removing it from t h e  furnace and measuring t h e  changes i n  
c r y s t a l  l ength  microscopically by using a micrometer ocular .  Because of t h e  
discrepancy between our r e s u l t s  and those  of Swift ,  it w a s  decided t o  attempt t o  
reproduce t h e  da ta  of Swift by using t h e  same g la s s  composition as used i n  h i s  work, 
but by using our microfurnace, with our methods of measurement. Accordingly, a 
soda-lime-aluminosilicate 
melted i n  a platinum cruc ib le  a t  approximately 130OOC f o r  30 min, then removed 
from t h e  furnace and s t i r r e d  with a platinum-20% rhodium s t i r r i n g  rod u n t i l  t he  
g l a s s  became too  viscous f o r  fu r the r  s t i r r i n g .  The g l a s s  w a s  reheated and s t i r r e d  
i n  t h i s  manner four liiore times. The s t i r r i n g  rod remained i n  t h e  c ruc ib le  during 
t h e  reheating and s t i r r i n g  operations,  s o  t h a t  no g l a s s  w a s  removed from t h e  cruci-  
b l e  during t h e  mixing procedure. 
17 w t  % Na20, 12  w t  % C a O  and 2 w t  % Al2O3. 
our g l a s s  gave a composition of 69.46 w t  % SiO2, 16.78 w t  % Na20, 11.48 w t  % C a O ,  
and 2.14 w t  % A1203. The measurements of t h e  rate of c r y s t a l  growth were measured 
i n  our usual manner, t h e  c r y s t a l s  being nucleated with seed c r y s t a l s  of d e v i t r i t e .  
The d e v i t r i f i c a t i o n  product w a s  i d e n t i f i e d  as d e v i t r i t e  by powder X-ray d i f f r a c t i o n .  
The sample f o r  t h e  X-ray d i f f r a c t i o n  ana lys i s  w a s  obtained by allowing g l a s s  con- 
t a i n e d  i n  a micro-crucible t o  c r y s t a l l i z e  f o r  1 4  h r s  at 92ToC, a temperature near 
which t h e  highest  c r y s t a l  growth rate occurs. 
obtained f o r  t h i s  sample, but t h e  p a t t e r n  contained a l l  of t h e  d i f f r a c t i o n  l i n e s  
f o r  d e v i t r i t e  (Na2Ca3Si.6018) except f o r  a few of t h e  l e s s  in tense  l i n e s .  Some of 
t h e  i n t e n s i t i e s  on our p a t t e r n  do not match those from t h e  ASTM card; t h i s  may be 
due i n  pa r t  t o  t h e  d i f f i c u l t y  i n  estimating t h e  i n t e n s i t i e s  of our r a t h e r  weak 
pa t t e rn .  Because of t h i s  discrepancy i n  i n t e n s i t i e s ,  t h e  X-ray d i f f r a c t i o n  da ta  
a r e  presented i n  Table 111. 

This c o n f l i c t s  with t h e  da ta  of Swift (Ref. 2 )  , which 

g l a s s  w a s  prepared i n  a 60 gram batch. This g l a s s  w a s  

The composition of Swif t ' s  g l a s s  w a s  69 w t  % Si02, 
A chemical ana lys i s  of a por t ion  of 

A r a t h e r  weak d i f f r a c t i o n  p a t t e r n  w a s  
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No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

- 

Table I1 

Growth Data for Cordier i te  in Batch 62 

Temp. 

1309 f 2 

1369 2 5 

1372 2 3 

1172 f 4 

1285 - + 3 

1344 t 2 
1363 2 3 

1328 f 3 

1270 ~fi 2 

974 f 4 

Rat e - 
16.1 

o in 60 min 
-2.5 

100 

59 

2.5 

1 

8.5 

10 1 

2 

No. 

11 

12 

13 

14 

15 

- 

16 

17 

18 

19 

Temp .- 
1256 - + 3 

1300 f 4 

1210 + 4 

1107 2 3 

1143 - + 2 

1053 2 

- 

1291 - + 3 

1238 2 3 

1069 - + 4 

R a t  e 

114 

48 

11 5 

40 

- 

74 

15 

59.7 

117 

26 
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EFFECT OF TEMPERATURE UPON THE RATE OF GROWTH 
OF CORDIERITE IN BATCH 62 
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9.88 

4.76 

4.16 

3.82 

3.30 

3.23 

3-09 

2.983 

2.915 

2.836 

2.773 

2.664 

2.554 

2.509 

2.473 

14  

25 

20 

25 

60 

30 

55 

45 

25 

8 

100 

1 2  

10  

6 

6 

Table I11 

X-Ray Diffraction Data for  Dev i t r i t e s  

Dev i t r i f i ca t ion  
Product 

d / I ,  

4.75 

4.15 

3.83 

3.30 

3.23 

3.08 

2.97 

2.91 

2.84 

2.76 

2.65 

2.55 

2.48 

M 

M+ 

W 

S 

W+ 

W 

S 

W- 

W- 

M- 

W- 

W- 

W- 

2.390 

2.316 

2.251 

2.225 

2 159 

2.138 

2.063 

2.030 

2.004 

1 968 

1.951 

1.930 

1.881 

1.842 

1.809 

6 

1 4  

8 

8 

8 

6 

1 2  

14  

6 

4 

4 

4 

1 8  

14  

18 

2.32 

2.25 

2.16 

2.06 

2.03 

1.88 

1.84 

1.80 

W= 

w= 

W= 

W= 

W= 

W- 

W- 

S- 
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The c r y s t a l  growth-rate da ta  f o r  our soda-lime-aluminosilica g l a s s  are pre- 
sented i n  Fig. 2 and are l i s t e d  i n  Table I V .  
r a t e  data  of Swift f o r  a g l a s s  of t h e  same composition and t h e  da ta  of Milne 
(Ref. 3 )  f o r  a g l a s s  of near ly  t h e  same composition, t h e  main d i f fe rence  being 
t h a t  s i l i c a  i s  subs t i t u t ed  for t h e  alumina, s o  t h a t  Milne's g l a s s  contains 72 
w t  % Si02, 16 w t  % Na20, arid 12 w t  % CaO.  
(when extrapolated)  give very nearly t h e  s m e  l iquidus temperature, and it appears 
t h a t  t he  da ta  would a l s o  agree i f  extrapolated t o  t h e  temperature (about 7'70°C) 
where measurable c r y s t a l  growth begins. Our r a t e  of so lu t ion  measurements a r e  
a l s o  i n  very c lose  agreement with those of Swift. 
a r e  t h a t  d i f f e r e n t  maximum r a t e s  of growth are obtained, and t h a t  our ra te  of 
growth curve i s  not continuous with t h e  r a t e  of so lu t ion  curve through t h e  l iquidus 
temperature but ins tead  exhib i t s  a change i n  slope i n  t h i s  region. 
temperature end of our growth-rate curve and t h a t  of Milne (which is  presumably 
f o r  t he  rate of growth of d e v i t r i t e )  can be f i t t e d  t o  a s t r a i g h t  l i n e  i n  t h i s  
temperature region, but s ince  no ra te  of so lu t ion  measurements were p l o t t e d  by 
Milne, no fu r the r  comparison is possible  regarding t h e  shape of t h e  r a t e  of devit-  
r i f i c a t i o n  curve. A fu r the r  examination of d e v i t r i f i c a t i o n  curves as obtained 
by Swift and r ep lo t t ed  here i s  possible  by reference t o  Fig. 3, which includes 
da ta  fo r  3 g lasses  with 0 ,  2 ,  and 4 w t  % A1203 subs t i t u t ed  f o r  s i l i c a .  
with 2 w t  % A1203 i s  the  same as  t h a t  shown i n  Fig.  2. It can be observed i n  
Fig. 3 t h a t  t h e  data  used t o  draw t h e  curves a r e  fewer i n  number than those obtained 
i n  our  work and by Milne. - I t  should a l so  be noticed t h a t  t h e  low temperature 
end of t h e  curve f o r  t h e  2 w t  % A1203 g la s s  i s  concave upward, while any such 
curvature f o r  t h e  0 and 4 w t  % A1203 glasses  i s  much l e s s  pronounced. A l l  of 
our observations ind ica te  t h a t  there  may be a t  least two types of d e v i t r i f i c a t i o n  
curves, one exemplified by our r e s u l t s  on t h e  soda-lime-aluminosilica g l a s s .  
and the  other  by t h e  data  obtained on t h e  cordierite-composition based g lasses .  
I n  the  former, t h e  high temperature end of t he  curve can be f i t t e d  t o  a s t r a i g h t  
l i n e ,  which may have a more or l e s s  pronounced change i n  slope as  t h e  curve passes 
through t h e  l iquidus temperature. I n  t h e  other  type of curve, t h e  high temperature 
end of t h e  curve i s  not l i n e a r  with temperature, and the re  i s  an asymptotic approach 
t o  the  l iquidus temperature. 
based glasses  contain much more s c a t t e r  than do t h e  da ta  obtained on t h e  soda- 
lime-aluminosilica g lasses ,  which were taken a t  much lower temperatures. The 
difference i n  t h e  l iquidus temperatures i s  350 t o  40OOC. 

Also shown i n  Fig. 2 is  t h e  growth- 

O u r  da ta ,  and t h a t  of Swift and Milne 

The most important differences 

The high 

The g lass  

The data  obtained f o r  these  c o r d i e r i t e  composition 

These soda-lime-aluminosilicate glasses  have maximum growth rates for 
d e v i t r i t e  of 11 t o  about 18 microns per  minute. 
t h e  growth r a t e  observed f o r  c o r d i e r i t e  i n  batch 63 (66 microns per  minute) and 
much smaller than t h a t  measured i n  batch 62 (115 microns per  minute).  
l a rge  difference i s  probably due t o  t h e  much higher s i l i c a  content i n  t h e  soda- 
lime-aluminosilica g lasses .  
t h e  growth r a t e s  f o r  batches 63 and 62, which have t h e  same content of Si02. 
The difference i n  t h e  growth r a t e s  i n  these  glasses  appears t o  be inversely pro- 
por t iona l  
added t o  t h e  other components i n  t h e  g l a s s .  Thus, lanthanum ( i n  batch 63) gives 
a much slower d e v i t r i f i c a t i o n  r a t e  than does cerium ( i n  batch 62) when present 
i n  these glasses  i n  equal amounts. This co r re l a t ion  could be b e t t e r  examined 
i f  t h e  oxidation s t a t e  of t h e  cerium ion were determined. 

This is about one-fourth of 

This r a the r  

A comparison of more importance can be made between 

t o  t h e  difference i n  t h e  ion ic  s i z e  of t h e  rare-earth ion which i s  
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EFFECT OF TEMPERATURE UPON THE RATE OF GROWTH OF DEVITRITE 
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Table IV 

Growth Rate Data for Devitrite in Soda-Lime-Aluminosilicate glass 

Rat e - No. Temp. No. Temp. Rat e - I__ - 
1 964 2 5 14.0 13 748 - + 4 0 in 41 min 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

900 2 5 

872 t 4 

794 f. 3 

1004 - + 4 

990 3 

947 2 4 

836 2 3 

1003 - + 3 

979 L 3 

1026 - + 2 

1016 - + 2 

9.1 

5.6 

1.66 

1.41 

5.0 

13.7 

3.1 

1.3 

9.3 

-29 

-8.7 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

963 2 2 

916 2 3 

978 2 2 

978 2 3 

932 2 4 

925 2 2 

1014 -I- 2 

983 2 4 

1011 + 3 

1012 + 2 

1011 + 2 

- 

- 

- 

- 

13.5 

13.8 

9.4 

9.5 

13.8 

13.5 

-20.0 

7.36 

-1.6 

-4.1 

-7.1 
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. FIG. 3 

EFFECT OF TE TURE UPON THE RATE OF GROWTH OF 
DEVlTRlTE AFTER SWIFT (REF. 1) 
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CHARACTERIZATION OF UARL EXPERIMENTAL GLASSES 
FROM BULK SPECIMENS 

Many of t h e  experimental g lasses  prepared were charac te r ized  by measuring 
t h e  dens i ty  and Young's modulus on bulk samples of t hese  g l a s ses  and by inves- 
t i g a t i n g  t h e i r  annealing and f i b e r i z a b i l i t y  c h a r a c t e r i s t i c s .  

Density 

The dens i ty  of t h e  experimental g l a s ses  has been determined f o r  UARL by 
t h e  Glass Testing Laboratory of t h e  Hartford Division of t h e  Emhart Corporation. 
For samples with d e n s i t i e s  less than  3.00 gms/cm3 they employed t h e  heavy-liquid 
of known dens i ty  comparator method while f o r  samples with d e n s i t i e s  g rea t e r  than  
3.00 gms/cm3 t h e  Archimedean procedure was followed. The r e s u l t s  o f  a l l  dens i ty  
measurements made t o  da t e  a r e  shown i n  Table V.  
d e n s i t i e s  range from 2.57 t o  5.22 gms/cm3. 

A s  may be seen t h e  observed 

Young's Modulus f o r  Bulk Samples of UARL Experimental Glasses 

Modulus measurements on bulk specimens of t h e  various experimental g l a s ses  
prepared i n  t h i s  labora tory  were made by preparing an annealed p a t t y ,  s l a b ,  or 
cyl inder  of t h e  experimental g l a s s  and then  cu t t i ng  rec tangular  rods from t h e  
g l a s s  by means of a diamond wheel and diamond grinding t h e  rods t o  f in i shed  
dimensions. 
by 1/8 i n .  
repor t  period. I n  t h i s  quar te r  a much simpler and very much less  expensive 
technique w a s  evolved cons is t ing  of drawing samples d i r e c t l y  from t h e  c ruc ib l e s  
of molten g l a s s  i n t o  fused s i l i c a  tubes by t h e  use of a hypodermic syringe t o  
supply cont ro l led  suc t ion .  
of higher f i c t i v e  temperature than t h e  rods cut from annealed g l a s s  s l a b s ,  t h e  
r e s u l t s  are given i n  separa te  t a b l e s .  
modulus measurement i s  c a r r i e d  out by t h e  sonic method described i n  d e t a i l  i n  
our last  summary r e p o r t ,  F910373-7. 

Samples prepared i n  t h i s  manner averaged 2 i n .  i n  length by 1/8 i n ,  
This procedure w a s  followed up t o  t h e  t e n t h  or last  quar te r  of t h e  

Since t h e  rods drawn i n  t h i s  manner represent a g l a s s  

For both types of samples, t h e  a c t u a l  

Measured Values of Young's Modulus f o r  Rectangular Rod Bulk Samples 

A l l  measurements made t o  da t e  on rectangular rod samples are shown i n  
Table V I .  
square inch are obtained f o r  t h e  Young's modulus of t h e  ra re-ear th  c o r d i e r i t e  
g lasses  114, 117, and 138 while t h e  calcium aluminate g l a s s  96 with addi t ions  of 
magnesia, z i rconia ,  y t t r i a  and s i l i c a  has a value of 16.30 mi l l i on  pounds/square 
inch and a lower dens i ty .  

Highest r e s u l t s  , i. e .  r e s u l t s  of approximately 16.5 mi l l i on  pounds/ 
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TABLE V 

Glass No. 

25 
40-3 
56 
62-3 

64-1 
65-1 
66 
66-1 
67-3 
68-2 
69 
70-1 
71 
72-2 
73-2 
74 
75 
82-3 
83 
93 
96 
97 
98 
99 

102 
10 3 
106 
107 
108 
110 

63-1 

Summary of Density Results Obtained on UARL 
Glasses on Bulk Specimens 

Density 

2.5672 
2.9574 

2.7036 
2.4368 

2.6847 
2.6818 
2 7197 
2.6112 
2.6784 
2.6535 
2.6295 

2.7526 
2,6627 
2.8877 

2.5910 

3.0152 
2.9983 
2.6342 
2.5875 
2.8376 
3.1167 
2.9676 

2.9168 
3.186 
2.9188 
2.9089 
3.6859 
3 * 3799 
3.1107 
2.6128 

2.8426 

Glass No. 

113 
114 
125 
126 
127 
129 
131 
134 
135 

137 
138 
140 
1 5 1  
155 
157 
159 
160 
161 
162 
163 

166 
167 
168 
169 
170 
171 
172 

136 

164 
16 5 

Density 

3.5298 

2.7818 
3.2237 

3.4634 
3.2553 
3.3105 
3.1200 
3.0671 
2.6303 
2.8035 
3.0834 
3.5498 

3.2541 
3.5452 

3.678 

2.6962 
3,2216 
3.2211 
3.4523 
3.6150 
3.1876 

3.3088 
2.6295 

3.6355 

3.810 
3.934 

4.0593 

3.4085 
3.2047 

4.202 

Glass No. 

173 
174 
17 5 
176 
177 
178 
179 
188 
194 
19 5-2 
200 
201 
202 
20 3 
20 5 
212 
2 1  5 
222 
223 
224 
225 
231 
232 
233 
234 
235 
244 
247 
248 
249 

Dens - !x 
4 525 
3.472 

3.151 
4.196 

4.331 
3.2548 

3.189 

3.613 

4.479 
4.167 
3.584 
3.550 
3 769 
3.490 
4.0576 
3.0360 
3.1277 

5.2235 
5.1584 
4.6850 
3.4337 
3.5892 

3.7081 
3.3261 
3.63 

3.0906 

3.0314 

2.9870 

3.0114 
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TABLE V I  

Measured Values of Young’s Modulus for  Bulk Samples o f  UARL Glasses 
(Sonic measurements using ground rectangular rods) 

Glass No. 

1 
4 
14 
24 
26 
27 
29 
4 1  
42 
43 
45 

4 6 ~  
47 
47B 
4 8 ~  
49B 
50 
50B 
51 
52 
63 

Average Modulus 
(x 10-6, p s i )  

14.86 
14.94 
15  * 07 
10.67 
10.18 
11.53 
14.02 
10.83 
10.82 
10.27 
11.08 

10.40 
11.07 

11.28 
10  * 77 
11.10 
10.83 
11.75 
10.87 

11.62 

14.71 

Glass No. 

64 
64 ( repea t )  

66 
68 
70 

65 

72-2 
72-3 
73-2 
76 
77 

93 
96 
97 
98 
99 
114 
117 
138 
191 
19 2 

Average Modulus 
(x 10-6 p s i )  ~ 

1 5  57 
14.78 
15.20 
15.14 

15.23 

15.14 
15.13 
11.51 

15.36 

15 -15 

12.16 

15.72 
16.30 
10.86 
10.62 

16.5 
16.54 
16.53 

14.05 

11.37 

15  35 
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Measured Values of Young's Modulus f o r  Circular  Rods Direct ly  from Melt 

In  t h e  usual  method of preparing specimens of bulk g l a s s  f o r  Young's modulus 
determinations,  a g l a s s  slab i s  first cas t  and annealed. Rectangular bars  a re  
then cut from t h e  s l a b ,  and re-annealed t o  remove s t r e s s e s  imposed by t h e  cu t t i ng  
operation. Young's modulus of t h e  bar  may then be obtained by s t a t i c  or sonic  
methods. This technique has been used i n  t h e  current  research program, but w a s  
found t o  be t i m e  consuming and r e l a t i v e l y  expensive; consequently, a s implif ied 
technique f o r  preparing sonic t e s t  specimens w a s  sought. It w a s  found t h a t  samples 
s a t i s f a c t o r y  f o r  modulus determinations could be eas i ly  cas t  by drawing molten 
g l a s s  up i n t o  fused s i l i c a  tubes using a syringe t o  apply suct ion t o  t h e  tubes.  
A l i g h t  dusting of MgO powder ins ide  t h e  s i l i c a  tubes was used at f i r s t  t o  prevent 
t h e  g lass  from adhering t o  t h e  w a l l s  of  t h e  tubing,  but w a s  found t o  be unnecessary. 
The f ac t  t h a t  most glasses  have higher thermal expansion coe f f i c i en t s  than does 
fused s i l i c a  r e s u l t s  i n  t h e  shrinking of t h e  cas t  bar  away from t h e  s i l i c a  tube 
on cooling t o  room temperature, thus f a c i l i t a t i n g  easy removal of t h e  rods. After 
t h e  rods a r e  removed, t h e  ends a re  trimmed off square with a cut-off wheel. The 
rod cast ing syringe and representa t ive  g l a s s  rod samples a re  shown i n  Fig.  4.  
Young's moduli were determined f o r  a number of experimental g l a s s  rods prepared 
i n  t h i s  fashion using sonic equipment described previously.  Correction f ac to r s  
f o r  t he  radius  of gyration: length r a t i o s  were taken from t h e  data  of P icke t t  
(Ref. 4 ) ,  assuming a value of Poisson's r a t i o  of 1/6. 

Measurements made i n  t h e  last  quarter  by t h i s  technique a r e  shown i n  
Table V I I .  
and V I 1 1  and it w i l l  be seen t h a t  t h e  agreement between t h e  two methods involving 
as they do g lasses  with d i f f e ren t  e f f ec t ive  f i c t i v e  temperatures i s  fa i r  with an 
average va r i a t ion  of + 6%. The cord ier i te - ra re  ea r th  g lasses  1 1 4 ,  126,  129,  and 
159 a re  again outstanzing and show values f o r  Young's modulus grea te r  than 16 
mi l l ion  p s i .  
issued t o  R.  L.  Tiede which contains the  tox ic  ingredient  b e r y l l i a  and g l a s s  96, 
t h e  UARL modified calcium aluminate have t h e  highest  spec i f i c  moduli. 

Some of t h e  same glasses  occur i n  both Table V I  ( rectangular  rods)  

However, g l a s s  83 prepared from Owens-Corning patent  U.S.  3,122,277 

The g lass  rods were then annealed by heating at 850'C f o r  4 hrs  and cooling 
t o  room temperature over a 12 hr cycle.  
on t h e  annealed rods. Modulus values f o r  as cas t  and annealed rods a re  given 
i n  Table VIIa. The average increase on annealing i s  1.8% and i n  no instance was 
more than 2.5%. 
sa t i s f ac to ry  . 

Young's moduli were then determined 

Thus, f o r  comparative purposes, t h e  use of as-cast  bars i s  deemed 

Calculation of Young's Modulus from Compositional Factors 

In  an outstanding paper e n t i t l e d  "Calculation of Young's Modulus of Elas t ic -  
i t y  from Composition of Simple and Complex S i l i c a t e  Glasses" (Ref. 1) C .  J .  
P h i l l i p s  describes a method f o r  ca lcu la t ing  Young's modulus of e l a s t i c i t y  f o r  some 
44 g lasses  by expressing t h e  content of each oxide i n  mol percent and multiplying 
it by a modulus f ac to r  pecul ia r  t o  t h a t  oxide. Coeff ic ients  a r e  derived, however, 
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TABLE V I 1  

Measured Values of Young's Modulus for UARL Glasses 
(Sonic measurements using c i r cu la r  rods formed d i r ec t ly  from melt) 

Glass Glass Measured Modulus 
Number Number x 10-6 p s i  

40 15.5 135 14.3 

68 14.1 136 14.4 

72 14.0 137 14.8 

83 16.0 138 15.3 

96 15.7 140 15.6 

99 10.5 155 15 07 

114 

126 

16.7 

16.8 

157 

159 

13.3 

16.2 

129 16.5 179 14.9 

134 15.4 
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TABLE V I I ~  

Comparison of Young’s Modulus of As-Cast and 
Annealed Glass Bars 

E x 10-6 p s i  E x 10-6 psi Percent 
Glass as-cast annealed Increased 

68 

114 

126 

129 

135 

136 

138 

14.4 
13.7 
13.8 
14.5 

14.7 
14.0 
14.1 
14.5 

2.1 
2.2 
2.2 
0 

16.3 16.5 1.2 
16.6 17.0 2.4 
16.6 17.0 2.3 

16.7 
16.9 

17.0 
17.3 

16.9 17.0 
16.3 16.6 
16.5 16.2 

14.3 
14.4 
14.3 
14.4 

14.6 
14.3 
14.3 

15.2 
15.4 
15.2 

14.6 
14.7 
14.5 
14.7 

14.8 
14.5 
14.6 

15.4 
14.8 
15.6 

1.2 
2.4 

0.6 
1.8 
1.8 

2.1 
2.1 
0.7 
2.1 

1.4 
1.4 
2.1 

1.3 
2.5 
1.9 
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TABLE VI11 

Calculat-an of Young’s Modulus Factors by C. J. P h i l l i p s  Metho 

A. Using Known S i l i c a ,  Alumina, Zirconia Values t o  Derive New Magnesia Value 

1. The Basic Glass ( 1 , 4 ¶ 1 4 )  

Actual batch f o r  t h i s  g l a s s  198 gms Si02, 120 gms A1203, 180 gms 
bas i c  magnesium carbonate [MgC03.Mg(OH)2.3H20] with a conversion f a c t o r  
t o  MgO of 2.44. 

Actual Batch on Atomic 
Batch Oxide B a s i s  Weight % Weight Mols Mol % 

Si02 198 198 50.7 60.09 0.845 52.4 

MgO 73.7 18.85 40.31 0.468 29.0 
A1203 180 120 120 30.5 101.94 0.299 18.6 

Constituent Mol % Kilobars/mol Contribution 

Si03 52. 4 7.3 383 
18.6 1 2 . 1  
29.0 X 

225 

But average exp. value for 1 , 4 , 1 4  = 14.96 x I O 6  lbs/in.’  = 10.52 x 10 5 
kg/cm2 = 1031 k i lobars  

.’. MgO cont r ibu t ion  = 1031-608/29 E 14.7 kilobars/mol % 

2. Using Glass 66 

Constituent Mol % Kilobars/Mol % Contribution 

Si02 53.7 7 .3  392 

Zr02 2.56 18.9 47.4 

15 .3  12 .1  185 
28.3 X 28.3X 

A120 3 
MgO 

624+28.3x 

6 But average exp. value f o r  66 = 15.14 x 10 
1043 k i lobars  

l b s / in .2  = 10.64 x l o 5  kg/cm2 = 

MgO cont r ibu t ion  = 1043-624/28.3 = 14.8 kilobars/mol % 
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for only c e r t a i n  oxides l i k e l y  t o  be present i n  t h e  usual g l a s ses ;  namely, Si02, 
Na20, K20, Li20, B203, A1203, C a O ,  MgO, PbO, BaO, ZnO and BeO. 
value of t h e  e l a s t i c  constant i s  then  t h e  sum of t h e  terms C1p1 + C2p2 + . . 
Cnpn where C1 . . , Cn a r e  t h e  molal c o e f f i c i e n t s  and pl . . , pn a r e  t h e  molar 
percentages of t h e  corresponding oxides. Agreement between ca l cu la t ed  and 
observed values i s  b e t t e r  than  - + 0.3% f o r  35 w e l l  defined g l a s ses .  

The numerical 

I n  one of our e a r l i e r  summary r e p o r t s ,  E910373-4, we showed t h a t  P h i l l i p s  
through a jux tapos i t i on  of t h e  composition of h i s  g l a s s  73 had inadver ten t ly  
obtained an inco r rec t  value f o r  t h e  b e r y l l i a  molar coe f f i c i en t  and i n  t h i s  same 
repor t  we reca lcu la ted  t h i s  Be0 coe f f i c i en t  from published da ta  on two Owens- 
Corning g l a s s  f i b e r  compositions and found it t o  be  19.0 kilobars/mol %. 
same summary r epor t ,  E910373-4, we a l s o  ca l cu la t ed  t h e  molal coe f f i c i en t  f o r  
z i rconia  from Loewenstein's g l a s s  Z1 (Ref. 5 )  and found it t o  be an unbelievably 
high value of 28.6 k i lobars  per  mol %. 

I n  t h i s  

1 

A t  t h i s  s tage  i n  our research we have derived s u f f i c i e n t  da t a  from t h e  UARL 
experimental g l a s s  compositions t o  permit t h e  extension of t h e  ca l cu la t ions  of 
C .  J .  P h i l l i p s  t o  g l a s ses  containing r a r e  e a r t h  oxides such as y t t r i a  lanthana, 
and ce r i a .  These experimental UARL g las ses  l i k e  Loewenstein's g l a s s  Z1 a r e  
a l k a l i  f r e e  and it appears t h a t  i n  such a l k a l i - f r e e  g lasses  t h e  molar coe f f i c i en t  
of magnesia i s  14.8 k i loba r s  per mol percent.  According t o  Weyl (Ref. 6)  i n  
a l k a l i - f r e e  g l a s s e s ,  MgO6 groups form i n  place of t h e  MgO4 groups of a l k a l i -  
a lka l ine  e a r t h  s i l i c a t e s  and t h i s  formation of MgO6 groups r e s u l t i n g  from t h e  
lower p o l a r i z a b i l i t y  of 02- ions i n  a l k a l i - f r e e  g lasses  causes t h e  average 
coordination of t h e  02- ions t o  increase ,  t h e  s t r u c t u r e  t o  become more compact, 
and t h e  value of t h e  E modulus t o  increase .  Using t h i s  value f o r  magnesia, t h e  1 value of t h e  z i r con ia  coe f f i c i en t  i s  reca lcu la ted  from Loewenstein's Glass Z 
and a very much more reasonable r e s u l t  of 18.9 k i lobars  per m o l  % i s  obtaine36 
f o r  Z r 0 2 .  

'1 

Table V I 1 1  gives i n  d e t a i l  t h e  ca l cu la t ions  f o r  t h e  Young's modulus molar 
f a c t o r  f o r  magnesia. It w i l l  be noted t h a t  two d i f f e r e n t  computations of two 
very d i f f e r e n t  g lasses  give respec t ive ly  values of 14.7 and 14.8 k i lobars  per  
mol percent f o r  MgO when t h e  new value of 18.9 k i lobars  per mol % f o r  Zr02 is  
employ e d . 

I n  Table I X ,  P h i l l i p s  type  ca l cu la t ions  a r e  extended t o  y t t r i a  containing 
g l a s ses  and t h e  very high molar cont r ibu t ions  of 22.2, 25.5, and 25.2 k i lobars  
per  mol % y t t r i a  a r e  found. 
s i g n i f i c a n t  s ince  e a r l i e r  d i r e c t  microscopic observations of t h e  rate of c rys t a l -  
l i z a t i o n  of y t t r i a  containing g l a s s  has shown t h a t  t h i s  ma te r i a l  successfully 
slows down t h e  formation of c o r d i e r i t e  c r y s t a l s .  

This high modulus f a c t o r  f o r  y t t r i a  i s  p a r t i c u l a r l y  

Table X extends t h e  ca l cu la t ion  of Young's modulus based on compositional 
f a c t o r s  t o  g lasses  containing lanthana and c e r i a  with results of 22.4 k i lobars  
per mol % lanthana and 18.6 k i lobars  per mol % c e r i a  ( ca l cu la t ed  Ce2O3). 
t hese  values l i k e  t h e  y t t r i a  value a r e  an unexpected ga in  from our primary con- 
cept of adding such ra re-ear th  mater ia l s  t o  slow t h e  k i n e t i c s  of c r y s t a l l i z a t i o n .  

Again, 
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TABLE I X  

Calculation of Young's Modulus from t h e  Composition 
by C .  J. P h i l l i p s '  Method 

B. Using Known Alumina, S i l i c a  Values Plus New Magnesia Value t o  Derive 
Factor f o r  Yttria 

1. Using Glass 70 Constituent Mol % Kilobars/mol % Contribution 

Si02 55.3 7.3 404 

MgO 29.3 14.7 4 31 
A120 3 12.6 12 .1  152 

y2°3 2.83 X 2 . 8 3 ~  
987+2.83X 

But # T O  experimentally = 15.23 x 10 6 l b s / i n . 2  = 1050 k i lobars  

. . Y2O3 cont r ibu t ion  = 1050-987/2.83 = 22.2 kilobars/mol % 

2. Using Glass 1 1 4  Constituent Mol % Kilobars/mol % Contribution 

Si02 51- 7 7.3 
A1203 22.5 12 .1  
MgO 15.8 14.7 
'2'3 10.0 X 

377 
272 
232 
lox  

881+10x 

But #114 experimentally = 16.5 x lo6 l b s / i n . 2  = 1136 k i lobars  

.'. Y2O3 cont r ibu t ion  = 1136-881/10 = 25.5 kilobars/mol % 

3. Using Glass 64 Constituent Mol % Kilobars/mol % Contribution 

Si02 54.6 7.3 399 
15.5 12 .1  188 
28.8 14.7 422 

A120 3 
MgO 

1.39X 
1009+1.39X 

X 1.39 Y2O 3 

But #64 experimentally = 15.14 x l o 6  l b s / i n . 2  = 1044 k i lobars  (on average) 

. * . Y203 cont r ibu t ion  = 1044-1009/1.39 = 25.2 kilobars/mol % 
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TABLE X 

Calculation of Young's Modulus from t h e  Composition 
by C. J .  P h i l l i p s '  Method 

C. Using Known S i l i c a ,  Alumina Factors and New Magnesia Factor t o  Derive 
Lanthana and Ceria Factors 

1. Based on Glass 138 Constituent Mol % Kilobars/mol % Contribution 

Si02 47.3 7.3 345 
15.6 12.1 189 
28.9 14.7 425 

A1203 
MgO 
La2° 3 8.0 X 8 . 0 ~  

9 59+8. OX 

Experimentally 138 = 16.5  x 10 6 l b s / i n . 2  = 1138 k i lobars  

La203 cont r ibu t ion  = 1138-959/8 = 22.4 kilobars/mol % 

2. Based on Glass 117 Constituent Mol % Kilobars/mol % Contribution 

Si02 51.67 7.3 377 
A120 3 10.0 12 .1  121  
MgO 18.33 14.7 269 

20.0 Y 20. OY 
767+20~ 

Ce 2O 3 

6 Experimentally 117 = 16.54 x 10  l b s / i n . 2  = 11.64 kg/cm2 = 1138 k i lobars  

. * .  cont r ibu t ion  of c e r i a  = 1138-767/20 = 371/20 = 18.6 kilobars/mol % 
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I n  Table X I  an attempt i s  made t o  extend t h e  P h i l l i p s  type of ca l cu la t ion  
based on simple and complex s i l i c a t e  g lasses  t o  t h e  t o t a l l y  una l l ied  calcium 
aluminate g l a s s  system. A s  i s  t o  be expected t h e  ca lcu la t ions  f a i l  t o  y i e l d  a 
cor rec t  result and in s t ead  give a r e s u l t  20% too  high. However, t h e  ca lcu la t ions  
f o r  both g lasses  g ive  t h e  same amount of discrepancy indica t ing  t h a t  t h i s  type of 
ca l cu la t ion  can be extended t o  t h e  calcium aluminate g l a s s  system i f  one wishes 
t o  car ry  out s u f f i c i e n t  experimentation t o  reder ive  molal coe f f i c i en t s  appropriate  
f o r  t h i s  very d i f f e r e n t  s t ruc tu re .  The alarming f a c t  t h a t  t h e  f a c t o r s  f o r  t h e  
calcium aluminate system are going t o  be smaller than  f o r  t h e  s i l i c a  and complex 
s i l i c a t e  systems m u s t  i nd ica t e  a more open s t r u c t u r e  f o r  t h i s  type of g l a s s  system 
and a corresponding lower bond energy and u l t imate ly  achievable Young's modulus. 

Table X I 1  summarizes t h e  new P h i l l i p s  compositional f ac to r s  f o r  Young's 
modulus ava i l ab le  from t h e  UARL da t a  on t h e  experimental g lasses  evaluated t o  
da te .  
modular contr ibut ions now include y t t r i a ,  lanthana,  c e r i a ,  and z i rconia  i n  
addi t ion  t o  b e r y l l i a  and a l s o  t h a t  magnesia i s  20% more e f f e c t i v e  i n  a lka l i - f r ee  
g lasses  than  i n  those g lasses  containing a l k a l i .  

It is  p a r t i c u l a r l y  noteworthy t h a t  t h e  oxides possessing unusually high 

Alternate  Calculation of Young's Modulus from Composition by Method 
of S. D.  Brown 

S.  D .  Brown, e t  a1 (Ref. 7 )  have suggested an a l t e r n a t e  method of ca lcu la t ing  
Young's modulus from composition f ac to r s  pecul ia r  t o  each oxide present .  
t r a s t  t o  P h i l l i p s  method as presented above, he bases h i s  ca l cu la t ion  of Young's 
modulus on "packing eff ic iency ' '  of  t h e  d i s c r e t e  ions present .  
e f f ic iency  w a s  measured by a parameter ca l l ed  " the t r u e  ion ic  volume f r ac t ion"  ( f ) .  
The parameter i s  then defined as follows. It i s  assumed t h a t  every ion i n  t h e  
material has a d e f i n i t e  spher ica l  volume as determined by r a d i i  values given by 
Pauling (Ref. 8). 
by t h e  t o t a l  macroscopic volume of t h e  aggregate i s  t h e  t r u e  ion ic  volume f r a c t i o n  
and i s  ca lcu la ted  by 

I n  con- 

This packing 

The summation of t hese  spher ica l  volumes f o r  a l l  ions divided 

where i designates a given ion ic  spec ies ,  M i s  t h e  molar formula weight of t h e  
mater ia l ,  P i s  i t s  dens i ty ,  v i  i s  t h e  volume of ion ic  species  i ,  ni i s  t h e  number 
of ions of species  i per molar formula of ma te r i a l  and N i s  Avogadro's number. 

For convenience, ins tead  of considering ind iv idua l  i ons ,  it can be assumed 
t h a t  t h e  ma te r i a l  i s  composte of j 
Then i n  terms of weight f r a c t i o n s ,  
f a c t o r  i s  given by 

f = PC x j  
i 

component oxides 
x j ,  of component 

Nv - J = P s x j g j  
Mj 

(e.g.  ~ 1 2 0 3 ,  s i02 ,  e t c .  1. 
j i n  t h e  mater ia l  t h e  f 
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TABLE XI1 

Some Additional Molal Factors f o r  t h e  Calculation of Young's Modulus 
from Composition by Method of C.  J .  Ph i l l i pF  as Derived 

from UARL Experimental Glass Data 

A. Factors Used by C .  J. P h i l l i p s  i n  h i s  Or ig ina l  Publ ica t ion  

Oxide Contribution Per Each Mol % i n  Kiolbars 

Si02 
A120 3 
C a0 
Na20 

Liz0 
BaO 
B2°3 
ZnO 
Ti02 

K20 

7.3 and constant 
12 .1  and constant 
12.6 and constant 

3.4 
1 . 0  
7.0 

7.2 

13.3 

11.35 and f a l l i n g  with increasing R20 

1.75 and r i s i n g  with increasing R20 

B. New Factors Based on UARL Experimental Glass Evaluations 

Oxide Contribution Per Each Mol % i n  Kilobars 

Be0 19.0 
Zr02 18.9 
MgO 

Ce203 10.6  

12.0 & r i s i n g  with decreasing R20 and 
Si02 t o  14.8 

24.3 
22.4 

'2'3 
La203 
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Typical g f a c t o r s  f o r  various oxide components computed i n  t h i s  manner a r e  
0.298 f o r  B2O3, 0.280 f o r  BeO, 0.267 f o r  Li20, 0.233 for Si02, 0.189 f o r  MgO, 
0.183 f o r  Ti02, 0.166 f o r  C a O ,  and 0.123 f o r  Zr02. 
t h a t  t hese  f a c t o r s  place even g r e a t e r  emphasis on low atomic number materials than  
do those  of C .  J. P h i l l i p s .  It is a l s o  immediately apparent t h a t  i n  some cases 
these  f ac to r s  d i r e c t l y  cont rad ic t  those  of P h i l l i p s ;  f o r  example, t h e  g j  f ac to r s  
f o r  Be0 and B203 are v i r t u a l l y  i d e n t i c a l  while P h i l l i p s  f inds  a molal cont r ibu t ion  
of only 7.3 kilobars/mol % cont ras ted  t o  19.8 kilobars/mol % f o r  BeO. 

j 

It w i l l  be noted immediately 

Table X I 1 1  shows t h e  computation f o r  two calcium aluminate g lasses  using 
S. D.  Brown's coe f f i c i en t s .  Unfortunately, t h e  ca lcu la ted  r e s u l t s  are not i n  
concordance with t h e  experimental results a l s o  taken from S. D. Brown's repor t .  
Because t h e  experimental modular data of Brown are based on hand-drawn f i b e r s ,  
one cannot say with any degree of assurance whether t h e  method of ca l cu la t ion  
has f a i l e d .  However, t h e  method of P h i l l i p s  seems t o  be t h e  b e t t e r  choice f o r  
ca l cu la t ing  Young's modulus from compositional f a c t o r s  a t  t h i s  time. 

Evaluation of Glass Forming Charac te r i s t i c s  and 
F i b e r i z a b i l i t y  on UARL Experimental Glasses 

The oxide mater ia l s  previously melted i n  t h e  k i l n  using t h e  procedures des- 
cribed e a r l i e r  i n  t h i s  r epor t  fu rn i sh  t h e  s t a r t i n g  ma te r i a l s  used i n  t h i s  phase 
of our research. From t h e  previous f i r i n g  i n  t h e  k i l n  they have emerged e i t h e r  
as f u l l y  melted and f ined  g l a s ses ,  g l a s s  and in t e rpene t r a t ing  c r y s t a l l i n e  masses, 
or mater ia l s  t h a t  appear similar t o  c l inke r s  or cinders.  One chooses a s u f f i c i e n t  
amount of t h i s  ma te r i a l  t o  f i l l  a 1 5  m i l l i l i t e r  platinum cruc ib le  and t h i s  ma'cerial 
i s  then crushed or ground t o  approximately 1 0  mesh s i z e  and placed i n  t h e  platinum 
cruc ib le .  
t h e  Super-Kanthal hair-pin furnace and t h i s  furnace platform i s  r a i sed  u n t i l  t h e  
c ruc ib le  i s  i n  t h e  center  of t h i s  furnace,  whose temperature i s  already at t h e  
des i red  value. The c ruc ib le  i s  held at t h i s  temperature f o r  a time varying from 
one-half hour t o  two hours dependent on t h e  o r i g i n a l  condition of t h e  charge and 
i s  then  lowered as r ap id ly  as poss ib le .  A s  soon as t h e  c ruc ib le  emerges from t h e  
furnace,  one man grasps it i n  h i s  tongs and a second man dips a twenty m i l  platinum 
wire i n t o  t h e  molten g l a s s  and runs away from t h e  c ruc ib le  as r ap id ly  as poss ib le .  
Usually i n  t h i s  manner it i s  poss ib le  t o  hand draw a g l a s s  f i b e r ,  2 t o  5 m i l s  i n  
diameter and t h i r t y  t o  f o r t y  f e e t  long, i f  t h e  g l a s s  i s  t o  be termed r ead i ly  
f ibe r i zab le .  The Super-Kanthal hair-pin k i l n  used i n  t h i s  experiment r ead i ly  
obtains a temperature of 1800Oc i n  a i r .  

The platinum c ruc ib l e  then  i s  placed on t h e  motor-driven platform of 

I n  t h e  simple fashion described above or by attempting t o  form buttons by 
pouring g l a s s  out of t h e  c ruc ib le  it is usua l ly  poss ib le  to obta in  some crude 
idea  concerning t h e  working c h a r a c t e r i s t i c s  of t h e  experimental g l a s s .  Indeed, 
tables of such working c h a r a c t e r i s t i c s  f o r  various g lasses  were included i n  our 
two previous summary r e p o r t s ,  E910373-4 and F910373-7. 
mechanically drawing f i b e r s  continues t o  accumulate w e  f i n d ,  however, t h a t  crude 
tests of t h i s  type a r e  i n s u f f i c i e n t l y  s e l e c t i v e  t o  assure t h e  production of high 
qua l i t y  f i b e r  by our simple mechanical drawing procedures. 

A s  our experience i n  

Much more informative 
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TABLE X I 1 1  

Discrepancies Resulting When Calcium Aluminate Glasses are Calculated 
by Packing Eff ic iency Considerations of S. D. Brown 

6 1. Calcium Aluminate Glass with Measured P = 3.19 gms/cm3 and E = 16.7 x 10 p s i  

Xjg.j 9 Oxide Weight % 

C a0 
MgO 
BaO 
Na20 
*'2O3 

Ti02 
Zr02 
K20 

19.4 
2.3 
8.8 
2.4 
48.8 
4.6 
11.8 
1.8 

0.166 
0.189 
0.086 
0.181 

0.183 
0.209 

0.123 
0 199 

0.03224 pSxJg j = 0.5606 
0.00435 = onic Volume Fraction 

0.00328 Calculated E 

0.00842 = 33.38 - 20.4 
0.01453 

0 00755 

0.10180 = (59.5)(0.561)-20.4 

= 13.0 x 106 p s i  
0.00358 
0.17575 

2. S. D. Brown's R-105 Glass Has a Measured P = 2.90 gms/cm3 and 
E = 16.0 x 10 6 p s i  Measured on Hand-Drawn Fibers  

Xjgj - g j  Oxide Weight % - 
44.0 0.209 0.0920 pxx jg j  = 0.545 

Si02 3.5 0.233 0.0082 Calculated E 

MgO 3.5 0.189 0.0066 = 32.43 - 20.4 

*l2'3 

C a0 48.8 0.166 0.0810 = (59.5)(0.545)-20.4 

0.1878 = 12.4 x lo6 p s i  

I n  comparison with Table I X  where similar ca lcu la t ions  a r e  made by method 
of C.  J. P h i l l i p s ,  t h e  discrepancies  ca lcu la ted  by t h e  packing ef f ic iency  
method are much l a r g e r  as w e l l  as too low i n  place of t oo  high. The con- 
s i s tency  of t h e  d i f fe rences  again ind ica t e s  hope t h a t  t h e  method can be 
made t o  work for calcium aluminate g lasses  when t h e  cor rec t  f a c t o r s  have 
been determined. 
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are d i r e c t  microfurnace observations of l iqu idus  temperature and r a t e s  of devi t -  
r i f i c a t i o n .  
annealing of l a r g e  g l a s s  p a t t i e s ,  3 t o  4 i n .  i n  d i a  and 3/8 t o  5/8 i n .  th ick .  
r e s u l t s  of a t y p i c a l  study of t h i s  kind conducted f o r  us by t h e  Glass Testing 
Laboratory of t h e  Hartford Division of t h e  Emhart Corporation are shown i n  Table 
X I V .  The superior  working c h a r a c t e r i s t i c s  of g lasses  containing e i t h e r  c e r i a  or 
lanthana are evident.  

Also equally he lp fu l  are s tud ie s  involving t h e  pouring and cont ro l led  
The 

CHARACTERIZATION OF GLASS FIBERS MECHANICALLY 
DRAWN FROM EXPERIMENTAL GLASSES 

Original ly ,  it w a s  f e l t  t h a t  t h e  hand-drawn f i b e r s  produced i n  t h e  f iber -  
i z a b i l i t y  t e s t s  of bulk g lasses  could be used f o r  t h e  evaluat ion of t h e  proper t ies  
of t h e  g lass  f i b e r .  It quickly became evident ,  however, t h a t  no matter how care- 
f u l l y  hand-drawn f i b e r s  were prepared, they tended t o  show a d i s t o r t e d  e l l i p t i c a l  
cross-section t o  such a degree t h a t  it w a s  impossible t o  obta in  a meaningful value 
f o r  t h e  cross-section of such f ibe r s .  Therefore, values of Young's modulus deduced 
by dead-weight mechanical t e s t i n g  procedures a r e  extremely untrustworthy f o r  hand- 
drawn f i b e r s  s ince  t h i s  type of measurement i s  dependent on an accurate value f o r  
t h e  average f i b e r  cross-sect ional  area.  

The problems encountered i n  attempting t o  obtain a r e l i a b l e  value f o r  Young's 
modulus on hand-drawn f ibe r s  made it obvious t h a t  it w a s  time t o  switch t o  mechanical 
drawing of f i b e r s  from t h e  experimental g lasses  i n  question. Normally, t h i s  i s  
done by purchasing massive platinum-rhodium bushings of proven design. But i n  our 
case severa l  such bushings would be necessary s ince  t h e  experimental g l a s s  compo- 
s i t i o n s  vary s o  widely t h a t  t h e  l i f e t ime  of such a bushing might be very l imited.  
Several  such bushings would represent  an expenditure f o r  mater ia l s  t h r e e  t o  four 
times as grea t  as t h e  program mater ia l  cost  t o  date .  Fortunately,  as described 
i n  our last  summary r epor t ,  F910373-7, it has proven poss ib le  t o  s u b s t i t u t e  "a 
poor man's bushing" f o r  much of our work by 
reinforced bottom and a c e n t r a l  hole  as a bushing. This c ruc ib le  i s  shaped by 
s t a r t i n g  with a normal platinum cruc ib le  and welding severa l  thicknesses of 
platinum f o i l  t o  t h e  crucible  u n t i l  a bottom thickness  of 3/16 i n .  is  obtained 
and then t ape r  reaming a c e n t r a l  o r i f i c e  0.088 in .  a t  t op ,  0.063 in .  a t  bottom 
and 3/16 i n .  long i n  t h e  bottom of t h e  crucible .  
with g l a s s  and introduced i n t o  t h e  platform furnace with Super-Kanthal heat ing 
elements together  with a r ing  o r i f i c e  providing water cooling immediately below 
t h e  c ruc ib le  as wel l  as a second r ing  o r i f i c e  f o r  cooling t h e  f i b e r  as it forms 
with helium je ts .  
s a t i s f ac to ry  f o r  t h e  production of very near ly  c i r c u l a r  g lass  f i b e r  having approxi- 
mately one m i l  diameter a t  pu l l ing  r a t e s  of 4000 ft/min. 

using a 20 cc platinum cruc ib le  with 

The cruc ib le  i s  then f i l l e d  

The equipment has now been extensively used and has proven 

The mechanically drawn experimental g l a s s  f i b e r s  produced i n  t h i s  apparatus 
have proven very s a t i s f a c t o r y  f o r  modulus measurements as we have shown i n  our 
previous repor t s  F910373-7 , F910373-8 , F910373-9 and indeed again i n  t h i s  repor t  
i n  Tables X V I  and X V I I  of a la ter  sec t ion .  The a b i l i t y  t o  obtain s a t i s f a c t o r y  
modulus values from f i b e r  produced i n  such a crude bushing i s  dependent on t h e  
f a c t  t h a t  t h e  modulus of a g l a s s  f i b e r  i s  l a rge ly  in sens i t i ve  t o  s tones ,  seed, 
microscopic inhomogeneities, e t c .  occurring i n  t h e  f i b e r .  
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TABLE XIV 

Glass 
Number 

200 

20 3 

206 

207 

20 8 

209 

210 

214 

215 

Glass Forming Charac te r i s t ics  of Selected Rare-Earth and 
Cordier i te  Based Glasses and Two Calcium-Silica Glasses 

Components Remarks 

La2O3, Y2O3, MgO, Al2O3, Si02 Melted at l 5 O O " C .  Annealed a t  
850"~ .  

Melted above 1500°C. Dev i t r i f i ed  
i n  pouring, l iqu idus  probably 1 5 O O 0 C ,  
annealed a t  900°C. 

Ce02, La203, MgO, Si02 Same as 203 but a l i t t l e  l e s s  prone 
t o  d e v i t r i f y  & possibly a l i t t l e  
lower v i scos i ty  a t  1500°C. Devi t r i -  
f i e d  a t  850°C t o  form a yellow opal. 

Did not melt a t  1 5 O O 0 C ,  only s in te red .  
Top port ion of melt a t  higher tempera- 
t u re s  w a s  a c l ea r  g l a s s  bu t  bottom 
ha l f  opaque. 

Y2O3, MgO, Al2O3, Si02 Devi t r i f ied  on pouring. Very f l u i d  
a t  1 5 O O 0 C .  Annealing s a t i s f a c t o r y  
at 8 5 0 " ~ .  

Y203, MgO, A1203, Si02 Melted e a s i l y  a t  1500°C t o  form a 
s t a b l e  g l a s s ,  qu i t e  f l u i d  a t  1500°C, 
annealed a t  7 8 0 " ~ .  

Ce02, Y203, MgO, A1203, Si02 

Ce02, Ka2O3, MgO, A1203, Si02 

Same as 208 but  more f l u i d  at 1500°C. 

Same as 208 & 209 but even more f l u i d  
at l 5 O O " C .  Much l e s s  prone t o  devit-  
r i f y .  Annealed a t  750°C. 

MgO, A1203, Si02 Melted at 1500°C. 
melting. Turns t o  opal  on cooling. 
Annealed at 8 0 0 " ~ .  

Fa i r ly  s t i f f  a t  

Zr02, Ti02, BaO, C a O ,  MgO, Si02 Glass almost watery a t  1500°C. Most 
s t a b l e  g lass  i n  series with respect  t o  
d e v i t r i f i c a t i o n .  Has longer working 
range. Annealed at 700°C. 

219 Fe2O3, La203, BaO, C a O ,  MgO, Melted a t  1500°C. Qu i t e  f l u i d  but  
d e v i t r l f i e d  rap id ly  on s l i g h t  cooling. 
Annealed a t  800°C. Pots a r e  s e m i -  
c rys t a l l i ne .  

Al2O3, Si02 
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An equally important c h a r a c t e r i s t i c  of g l a s s  f i b e r s ,  however, i s  t h e  s t rength  
of t h e  v i rg in  f i b e r  and i n  d i r e c t  cont ras t  t o  modulus measurements any assessment 
of s t rength  values f o r  g l a s s  f i b e r s  i s  s t rongly dependent on defec ts  present i n  
t h e  f i b e r  as we show i n  t h e  next sec t ion .  

Attempted Strength Evaluations Using Mechanically Drawn 
Fibers Produced i n  a Simplified Bushing 

Possible sources of s c a t t e r  and l o w  s t rength  values f o r  E g l a s s  f ibe r s  t e s t ed  
Considerable as described i n  t h e  previous progress repor t  have been invest igated.  

uncertainty as  t o  t h e  v a l i d i t y  of a given s t rength  measurement e x i s t s  when t h e  
f i b e r  f a i l e d  i n  t h e  "fly-out" mode described previously.  
t h e  impossibi l i ty  of measuring the  f i b e r  diameter at t h e  point of f a i l u r e ,  and 
because it i s  not possible  t o  assess whether i n i t i a l  f a i l u r e  w a s  i n  t h e  guage 
length.  
ou t ,  a series of E g l a s s  specimens were taken from a spool and t e s t e d .  Alternate  
specimens were t e s t e d  i n  a i r ,  or damped with o i l  i n  order t o  prevent fly-out.  
The method of accomplishing t h e  damping i s  shown i n  Fig.  5 .  
i s  posit ioned j u s t  below the  mounted f i b e r ,  and a drop of o i l  is  placed on the  
s l i d e  so  as t o  cover t h e  f i b e r  over most of t h e  guage length.  Of t e n  samples 
broken without damping, f i v e  f a i l u r e s  were fly-out,  four were normal ( i . e .  a 
s ing le  f r ac tu re  within t h e  guage length)  and one w a s  a g r i p  f a i l u r e .  
samples broken with o i l  damping, none were f ly-outs ,  f i v e  were normal f a i l u r e s  
and s i x  were g r ip  f a i l u r e s ,  i . e .  f r ac tu re  occurred immediately adjacent t o  t h e  
wax, or under t h e  wax. Thus, about ha l f  of undamped t e s t s  were f ly-out ,  and 
where fly-out w a s  prevented it was disclosed t h a t  about ha l f  t h e  f a i l u r e s  were 
g r i p  f a i l u r e s  and cannot be considered as va l id  data .  

This i s  because of 

I n  order t o  assess  t h e  prevalence of g r i p  f a i l u r e s  occurring with f ly-  

A microscope s l i d e  

Of eleven 

Consider now t h e  s t rength  data  f o r  v i rg in  E g l a s s  f ibe r s  presented i n  t h e  
previous progress repor t .  This da ta  i s  r ep lo t t ed  as a histogram i n  Fig.  6a. 
The mode of f a i l u r e  i n  a l l  instances w a s  f ly-out.  A bimodal d i s t r i b u t i o n  of 
s t rength  values i s  observed. It seems reasonable t h a t  t h e  l o w  s t rength  values 
centered around 300 t o  350 x l o 3  p s i  represent  g r ip  f a i l u r e s  possibly r e su l t i ng  
from misalignment, and t h a t  high values centered around 450 x l o 3  p s i  a r e  va l id  
guage length failures. 

Based on these  observations,  it w a s  decided t o  change t o  a paper t a b  f i b e r  
mounting system f o r  t e n s i l e  specimens, because such a system would provide a 
degree of self-alignment f o r  t h e  t e n s i l e  specimens, and because it w a s  thought 
t h a t  t h e  paper mounts would absorb energy from f i b e r  whiplash thus tending t o  
damp fly-out.  Also, because severa l  t e n s i l e  specimens can be prepared simultane- 
ously from a captured f i b e r ,  t e s t i n g  can be speeded up. The capture device w a s  
modified so  as t o  capture eighteen inch lengths of f i b e r  between t h e  bushing 
and the  take-up spool. The modified capture device, mounted on t h e  f ibe r i za t ion  
furnace,  is  shown i n  Fig.  7. The captured f i b e r  i s  picked off t h e  capture device 
using a bent wire frame t o  which t h e  f i b e r  i s  temporarily glued, and t r ans fe r r ed  
t o  a precut paper tape consis t ing of f ive  ( 5 )  paper mounting t abs .  
i s  attached t o  t h e  t abs  with de Khotinsky cement applied with a penc i l  type 

The f i b e r  
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solder ing i ron .  A t e n s i l e  specimen i s  then cut  from t h e  t ape ,  mounted on t h e  
t e s t i n g  machine with spr ing c l i p s ,  and t h e  mounting t a b  cut so as t o  permit loading 
t h e  f i b e r .  A t e n s i l e  specimen mounted on t h e  t e s t i n g  machine i n  t h i s  fashion 
i s  shown i n  Fig. 8. 

Virgin E g l a s s  f i b e r s  were captured and t e n s i l e  s t rength  measured using 
t h e  above procedure. These s t rength  da ta  are shown i n  Fig.  6b. Comparison with 
t h e  s t rength  da ta  obtained using the  o r i g i n a l  mounting system indica tes  t h a t  
a major source of low s t rength  values has been eliminated. However, samples 
s t i l l  f a i l e d  with fly-out making accurate  diameter measurements at poin ts  of 
f r ac tu re  impossible. Diameters used i n  s t rength  ca lcu la t ions  are therefore  averages 
of values measured some d is tance  from t h e  point  of f r ac tu re .  Variations i n  diameter 
along a captured eighteen inch length of f i b e r  were found t o  be as high as twenty 
percent .  Thus, uncer ta in ty  i n  diameter i s  possibly t h e  g r e a t e s t  remaining source 
of s c a t t e r  i n  t h e  v i rg in  s t rength  da ta  measured f o r  E g l a s s .  
should thus be d i rec ted  toward producing defect-free f i b e r  of uniform diameter. 

Further e f f o r t  

Testing Experimental Fibers  

Representative g l a s s  compositions t h a t  had previously been f ibe r i zed  i n  
t h e  UAC apparatus and f o r  which modulus da ta  had been obtained were se l ec t ed ,  
and v i rg in  s t rength  measured by the  method described. 
on Fig.  9 .  The values f a l l  roughly on a s i n g l e  curve of s t rength  versus diameter. 
Such behavior i s  t y p i c a l  of f i b e r s  containing flaws and probably ind ica tes  t h a t  
t h e  f i b e r i z a t i o n  process var iab les  which cont ro l  t h e  qua l i t y  of t he  f i b e r  r a t h e r  
than any va r i a t ion  i n  g l a s s  composition a r e  determining t h e  s t rength .  Fibers  
of these  experimental g lasses  were examined under t h e  microscope, and i n  a l l  
instances were found t o  contain c r y s t a l l i n e  inc lus ions ,  examples of which a r e  
shown i n  Fig.  10 .  The lowest s t rength  values were seldom accompanied by f ly-  
out and so  t h e  point  of f r a c t u r e  could be observed. This w a s  found frequent ly  
t o  be at  such inc lus ions .  

These da ta  are recorded 

I n  order t o  assess  q u a l i t a t i v e l y  t h e  p o s s i b i l i t y  of continuously pul l ing  
good qual i ty  f i b e r s  of a short-working range high modulus g lasses  such as UAC- 
114, 135, 6 ,  7, 8,  126, 129 e t c . ,  t he  behavior of 126 g l a s s  was examined i n  t h e  
microfurnace. 
A q u a l i t a t i v e  measure of t he  v i scos i ty  could be obtained by microscopic observation 
of t h e  flow of g l a s s  as t h e  thermocouple w a s  withdrawn from the  g l a s s  surface.  
By co r re l a t ing  observations on UAC 126 g la s s  and E g l a s s  it w a s  concluded t h a t  
i n  t h e  temperature range 1200-1250°C, v i scos i ty  w a s  i n  t he  proper range t o  permit 
f i b e r  drawing. This i s  i n  agreement with previous experience i n  f ibe r i z ing  t h i s  
composition. 
could be discerned growing i n  t h e  g l a s s  a t  an appreciable r a t e .  Af te r  10  min 
t h e  sample i n  t h e  microfurnace w a s  f i l l e d  with c r y s t a l l i n e  mater ia l .  

The l iqu idus  temperature w a s  found t o  be approximately 1460OC. 

However, a f t e r  being he ld  a t  120OOC f o r  severa l  minutes, c r y s t a l s  

In  order t o  confirm t h a t  these  r e s u l t s  were indeed c h a r a c t e r i s t i c  of 126 
g l a s s  i n  bulk and not spec i f i c  t o  t h e  p a r t i c u l a r  environment and high r e l a t i v e  
surface conditions of t h e  microfurnace t h e  following experiments were performed. 
A 50 m l  platinum cruc ib le  w a s  charged with 126 g l a s s  but tons,  and a thermocouple 
arranged so  as t o  be immersed when t h e  g l a s s  became l i q u i d .  The c ruc ib le  w a s  
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TYPICAL INCLUSIONS IN FIBERS 
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heated t o  1 - 5 6 0 ~ ~ ~  i . e .  100°C above t h e  l iqu idus ,  f o r  one hour, then removed from 
t h e  furnace and cooled t o  room temperature. 
i n  t h e  g lass .  
a cooler por t ion  of t h e  furnace where t h e  temperature f e l l  t o  120OOC i n  about 
5 min. 
then removed from t h e  furnace.  It w a s  found t h a t  a considerable amount of c rys t a l -  
l i n e  mater ia l  had formed as shown i n  Fig. 11. It can be concluded t h a t ,  a t  l e a s t  
f o r  t h i s  g l a s s ,  microfurnace observations can be considered t o  apply t o  bulk 
conditions as wel l .  Assuming t h a t  microfurance observations on other  g l a s s  could 
equally wel l  be t r a n s l a t e d  t o  bulk conditions,  g lasses  1 4 4 ,  129, 136 and 138 
were examined i n  t h e  microfurnace. Qual i ta t ive  observation of c r y s t a l  growth 
rate a t  temperatures i n  t h e  f i b e r i z a t i o n  range a re  given i n  Table XV. 

No c r y s t a l l i n e  material w a s  observed 
The cruc ib le  w a s  re turned t o  1560Oc f o r  an hour then moved t o  

The g l a s s  was  maintained at t h i s  temperature an addi t iona l  twenty minutes, 

Table XV 

Qua l i t a t ive  Observations on t h e  Crys t a l l i za t ion  
of Experimental Glasses 

Approximat e Relat ive 
Approximat e F ibe r i  zat  ion Crys t a l l i za t ion  

Glass Liquidus Range R a t  e 

114 1375 
126 1460 
129 1355 
136 1315 
138 1325 

1200-1250 rap id  
1200-1250 rap id  
1200-1250 r e l a t i v e l y  slowly 
1200-1250 r e l a t i v e l y  slowly 
1200-1250 qui te  slowly 

These q u a l i t a t i v e  observations a re  i n  agreement with quant i ta t ive  k ine t i c  s tud ie s  
which showed t h e  grea te r  effect iveness  of La203 (g lasses  136 and 138) i n  reducing 
t h e  c r y s t a l l i z a t i o n  rate of co rd ie r i t e  i n  s imi la r  g lasses  compared t o  Y2O3 
(g lasses  1 1 4 ,  126, 129) .  
adaptable t o  a continuous f i b e r i z a t i o n  process. 

The La203 bearing g l a s s  compositions should be more 

Young's Modulus f o r  Mechanically Drawn Experimental Glass 
Fibers as Measured with Sonic Equipment 

Table XVI l i s t s  t h e  values fo r  Young's modulus f o r  some of  t h e  g lasses  which 
have been drawn successful ly  by mechanical means. 
t h e  teachings of U.S. Patent 3,044,888 and melt 83-1 from t h e  doctr ine of example 
4 of U.S. 3,127,277 i n  order t o  provide samples of two of t h e  most outstanding 
glasses  found i n  t h e  l i t e r a t u r e .  
A l l  of t h e  other  glasses  shown i n  t h i s  t a b l e  are o r i g i n a l  with UARL. A l l  t h e  
glasses  of t h e  t a b l e  were prepared, drawn i n t o  f i b e r s ,  and t e s t e d  i n  i d e n t i c a l  
manner s o  t h a t  t h e  comparative da ta  of t h e  t a b l e  should be r e l i a b l e  even though 
t h e  absolute numbers assigned t o  the  values of Young's modulus may be i n  e r r o r  
by a constant multiple.  Tests marked FAB were ca r r i ed  out a t  Fabric Research 

Glass melt 82-2 w a s  made from 

Glass 83-1 contains 11.0% b e r y l l i a  by weight. 
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Batch 

40-3 
56-1 

62-3 
63-2 
64 
65 
66 
67-3 
68-2 
69 

70 
71 
72-4 
73 
74 
75 
76 
77 

82-2* 
83-1"" 
102 
11 4 
126 
127 
129 

131 
135 
136 
137 
138 
140 

TABLE XVI 

Measured Values for Young's Modulus on Mechanically Drawn Fibers 
of UARL Experimental Glasses as Determined by Sonic Tests 

Tested A t  6 Density (P) Velocity (C) Young's Modulus 
gms/cm3 cm/sec x kg/cm2 x psi x 10- 

2.9574 5.72 9.72 13.80 FAB 
2.4368 5.79 8.16 11.60 FAB 

2.7036 

2.6818 

2.6112 
2.6535 
2.6295 

2.6847 

2 7197 

2.5910 

6.31 
6.43 
5.99 
6.375 
6.63 
6.58 
6.55 
6.45 

2.7526 6.44 
2.6627 6.85 
2.8877 6.08 
3.0152 6.09 
2.9983 5.92 
2.6342 5.69 

5.64 
5.66 

10.75 15.30 
11.10 15.78 
9.63 13.67 
11.07 15.75 
11.69 16.63 
11.47 16.33 
11.27 16.05 
10.4 14.80 

UARL 
FAB 

UARL, Morgan 
FAB, UARL 

UARL 
FAB,  UARL 

FAB,  UARL, Morgan 
FAB,  UARL 

11.42 16.25 Morgan 
12.48 17.75 UARL 
10.69 15.20 FAB, UARL 
11.02 15.70 FAB,  Morgan 
10.5 14.95 UARL 
8.53 12.12 UARL 

UARL 
UARL 

2.5875 6.61 11.30 16.08 FAB,  UARL 
2.8376 6.512 12.03 17.11 FAB,  UARL 
2.9188 4.82 6.79 9.66 UARL 
3.2237 6.28 12.72 18.10 FAB,  UARL, Morgan 
3.4634 6.00 12.44 17.72 FAB 
3.2553 6.075 12.62 17.12 FAB, UARL 
3.3105 6.195 12.70 18.08 FAB, UARL 

3.1200 5.87 10.73 15.28 FAB,  UARL 
2.6303 6.16 9.98 14.19 FAB 
2.8035 6.08 10.37 14.75 FAB 
3.0834 6.08 11.4 16.22 FAB 
3.5498 5.66 11.36 16.15 FAB 
3.678 5.64 UARL 

* 82 - Houze Glass - U.S.  3,044,888 
** 83 - Owens-Corning - U . S .  3,122,277 (BeO) 

57 



G510373-10 
* 

Laboratories by t h e i r  personnel and those marked UARL w e r e  ca r r i ed  out here  by 
our personnel on d i f f e r e n t  sets of i d e n t i c a l  equipment; namely, Dynamic Modulus 
Tester PPM-5R manufactured by H. M. Morgan Co., Inc. ,  Cambridge, Mass. This 
apparatus functions by measuring t h e  ve loc i ty  of a longi tudina l  sound wave i n  a 
l i g h t l y  loaded f i b e r  sample and i s  a widely so ld  and d i s t r ibu ted  device which 
has been used t o  measure t h e  e l a s t i c  modulus of various synthe t ic  f i b e r s  and 
yarns , inorganic and re f rac tory  f i b e r s  and yarns , w i r e s  , polymer f ibe r s  , h a i r ,  
f e l t s ,  and other  extensively var ied types of f i b e r s .  This method of t e s t i n g  
possesses t h e  g rea t  advantage t h a t  it i s  independent of t h e  measurement of t h e  
f i b e r  diameter and depends only on t h e  longi tudina l  sound ve loc i ty  and densi ty  
which a re  much simpler measurements. 

Figure 12 shows t h e  progress i n  g lass  f i b e r  research over a span of t i m e  
of t h ree  decades where t h e  sonic  measurement of modulus i s  used as t h e  c r i t e r i o n  
of such progress. 

Young's Modulus f o r  Mechanically Drawn Experimental Glass 
Fibers  as Evaluated by Mechanical Testing 

The r e s u l t s  of t h e  measurement of Young's modulus by mechanical t e s t s  con- 
ducted for UARL by t h e  Lowell I n s t i t u t e  of  Technology a r e  shown i n  Table XVII. 
These t e s t s  were conducted by Lowell I n s t i t u t e  of Technology using an Ins t ron  
CRE t e s t e r  operated with a machine speed of 0.2 in .  per minute, a chart  speed 
of 20 i n .  per  minute, a gage length of 5 i n . ,  and a f u l l  sca le  capacity o f  1 . 0  
pound. The specimens were he ld  i n  a i r  actuated clamps with f l a t  rubber coated 
faces .  

For each f i b e r  l i s t e d  i n  t h e  t a b l e ,  a minimum of 20 specimens were taken 
from approximately t h e  center  port ion of each spool. 
long with about one yard of f i b e r  being discarded between each specimen. It 
was not always possible  t o  s e l e c t  f i b e r s  i n  exact ly  t h i s  manner because many 
of t h e  spools had discontinuous odd lengths of f i b e r ,  but  i n  general ,  t h e  
specimens se lec ted  represent  t h e  middle 20 yards o f  t h e  f i b e r  supplied f o r  
t e s t i n g .  Three f i b e r  diameter measurements were made i n  t h e  middle three-inch 
port ion of each eight-inch specimen. These measurements were made using a 
monocular microscope equipped with an eye piece r e t i c u l e  and operated with a 
magnification of 774 (18 x eye piece,  43 x objec t ive) .  
w a s  equal t o  0.092 m i l s .  

The specimens were 8 i n .  

Each r e t i c u l e  d iv is ion  

The average of twenty determinations f o r  each f i b e r  i s  shown i n  Table X V I I  
together  with t h e  maximum and minimum value of t h e  modulus. A s  shown i n  our 
e a r l i e r  report  F910373-8, t h i s  da ta  has a standard deviat ion of 1.82 mi l l ion  
p s i  for example, f o r  g l a s s  126 so  t h a t  one can say with 99% probabi l i ty  t h e  
value f o r  g l a s s  126 tabulated at 16.4 mil l ion p s i  ac tua l ly  l ies  between 15.2 
and 17.6 mi l l ion  p s i .  
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THREE DECADES OF PROGRESS IN FIBER GLASS RESEARCH 
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TABLE X V I I  

Glass 
Number 

25 
40 
56 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
82* 
83** 

Values for Young’s Modulus on Mechanically Drawn Fibers 

Measurements on Tensile Test Equipment 
of UARL Experimental Glasses as Determined by 

12.3 
16.2 
10.7 
14.0 
13.0 
14.7 
13.8 
14.6 

13.7 

13.4 
13.7 

15.1 
13.8 

10.4 
11.0 
13.3 
15.35 

12.7 

13.6 

12.5 

9.8 

* 82 - Houze Glass - U.S. 3,044,888 
** 83 - Owens-Corning - U.S. 3,122,277 

Glass 
Number 

97 
98 
102 
108 
110 
11 4 
126 
127 
129 
131 
135 
136 
137 
138 
140 
155 
157 
159 
160 
161 
166 

( Be0 ) 

Measured Modulus 
x 10-6 p s i  

10.4 
10.8 
13.3 
12.5 
13.8 
15.1 
16.15 
15.2 
16.7 
12.5 
13.3 
13.5 
13.9 
12.2 

14.7 
13.1 
15.7 
14.6 
14.3 

15.0 

13.6 

A l l  tabulated moduli values are t he  average of twenty observations 
except t h a t  t he  results for 40, 83, 126, 129 are the  average of s i x t y  
observations and the  r e s u l t  for 70 i s  the  average of for ty .  
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Comparison of Table XVI l i s t e d  t h e  sonica l ly  determined values f o r  Young's 
modulus with Table X V I I  l i s t i n g  t h e  mechanically determined Young's modulus f o r  
some of t h e  same experimental g lasses  shows t h a t  these  two methods of measuring 
e l a s t i c  moduli f a i l  t o  y i e l d  concordant r e s u l t s .  This i s  t r u e  not only f o r  t h i s  
laboratory but a l so ,  i n  general ,  f o r  a l l  other  labora tor ies  using both methods 
and i s  bel ieved t o  be due t o  t h e  f a c t  t h a t  t h e  sonic method more near ly  measures 
an instantaneous value of t h e  modulus than does t h e  s t r e s s - s t r a i n  machine type 
of t e s t ing .  Since t h e  a b i l i t y  of a g la s s  t o  respond t o  a given mechanical load 
is  i tself  dependent on t h e  composition of t h e  g l a s s ,  t h e  sonic moduli vary with 
respect  t o  t h e  mechanical moduli i n  an unpredictable manner. 
appl icat ions f o r  new high moduli g l a s s  f i b e r s  are dependent on t h e  long-term 
proper t ies  of t h e  f i b e r  and may be more c lose ly  cor re la ted  with t h e  mechanical 
method of t e s t i n g  so  t h a t  t h i s  method w i l l  be used whenever possible  f o r  fu ture  
measurements. A s  can be seen from e i t h e r  t a b l e ,  severa l  of t h e  UARL experimental 
g lass  compositions y i e l d  values f o r  Young's modulus superior  t o  t h e  two competi- 
t i v e  glasses  prepared f o r  comparison and which were melted, f iber ized  and t e s t e d  
i n  procedures i d e n t i c a l  with those throughout. 

Many of t h e  l i k e l y  

CONCLUSIONS 

1. The rare-ear th  addi t ives  such as lanthana, c e r i a ,  and y t t r i a  used t o  
slow down c r y s t a l l i z a t i o n  i n  t h e  UARL program of cont ro l l ing  t h e  k ine t i c s  of 
c r y s t a l l i z a t i o n  of molten oxides l i k e l y  t o  form complex three-dimensional mole- 
cules funct ion e f f ec t ive ly  i n  t h i s  capacity.  Further ,  such addi t ives  markedly 
increase t h e  Young's modulus obtainable i n  t h i s  g l a s s  system. 

2.  Further research concentrated on improving t h e  working cha rac t e r i s t i c s  
and lowering t h e  density i s  needed before g lass  f i b e r  production from rare-ear th  
co rd ie r i t e  glasses  w i l l  be p rac t i ca l .  

3. Useful s t rength da ta  on v i rg in  g l a s s  f i b e r s  of t he  UARL experimental 
glasses  w i l l  r e s u l t  only when these  glasses  a re  processed using a conventional 
g lass  f i b e r  bushing e i t h e r  here  a t  UARL or elsewhere. 

4. The marked increase i n  modulus obtainable i n  t h e  last  quar te r  from very 
l imi ted  research on "invert" g lass  compositions suggests t h a t  a l a rge  pa r t  of 
our fu tu re  research e f f o r t  should be concentrated i n  t h i s  area.  

PERSONNEL ACTIVE ON PROGRAM 

Personnel ac t ive  on the  program throughout t h e  last  nine month period have 
been J. F. Bacon, Pr inc ipa l  Inves t iga tor ,  and Norman J. Chamberlain, senior  
experimental technician.  I n  t h e  f i r s t  s i x  months of t h e  per iod,  Robert B. Graf 
ca r r i ed  out t h e  o p t i c a l  s tud ies  of c r y s t a l l i z a t i o n  k ine t i c s  and i n  t h e  l a s t  s i x  
months Geroge Layden set up t h e  program f o r  inves t iga t ing  t h e  s t rength  of v i rg in  
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g la s s  f i b e r s  and or ig ina ted  and applied t h e  method of obtaining c i r c u l a r  g l a s s  
rods d i r e c t l y  from t h e  m e l t .  
out by Pe ter  A. Stranges of t h e  UARL Washington Office. 
a l l  of t h e  UARL personnel have reported progress t o  and received advice from 
James Gangler of NASA Washington Headquarters. 

Liaison throughout t h e  program has been ca r r i ed  
Throughout t h e  program 
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